AD

Award Number: W81XWH-12-1-0391

TITLE: Meta-Analytical Online Repository of Gene Expression Profiles of MDS Stem
Cells

PRINCIPAL INVESTIGATOR: Dr. Amit Verma, M.D.

CONTRACTING ORGANIZATION: Albert Einstein College of Medicine
Bronx, NY 10461-1602

REPORT DATE: December 2015

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Material Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as and official Department of the Army position, policy or decision
unless so designated by other documentation.



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED

oremoer Final 30 Sep 2012 - 29 Sep 2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Meta-Analytical Online Repository of Gene Expression Profiles of MD
Of MDS Stem Cells 5b. GRANT NUMBER

W81XWH-12-1-0391

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Dr. Amit Verma

5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: amit.verma@einstein.yu.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Albert Einstein College of Medicine
Cancer Center

1300 Morris Park Avenue

Bronx, NY 10461-1602

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/ AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

14. ABSTRACT

We proposed to create an repository of gene expression profiles of CD34+ stem cells from patients with
myelodysplastic syndromes (MDS) and healthy controls. We have devised a novel meta-analytical approach to integrate and
normalize gene expression studies generated in different labs on different platforms and have shown it to be feasible and
biologically valid in numerous publications. We have now successfully integrated data from 183 MDS samples in the database.
This dataset has been used to screen for expression of all TGF-3 related genes and has led to the discovery that negative
regulator, SMAD7, was significantly underexpressed in MDS stem cells. This discovery elucidated the mechanism of activation
of TGF- signaling in MDS. A recent study again utilized this dataset and revealed that Interleukin 8 and its receptor CXCR2 are
elevated in MDS stem cells. This study is leading to a clinical trial with IL8 inhibitors in MDS. We have now added information
about MDS subtypes, blood counts, IPSS scores, patient demographics and mutations in these samples. Investigators will be
allowed to access this database online. This resource will continually be updated with newer data on an ongoing basis.

15
SUBJECT TERMS
MDS, Stem Cells, Gene Expression
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18.NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THISPAGE 19b. TELEPHONE NUMBER (include area

U U U uu code)




Table of Contents

Reportable QULCOMES. .. ..ot e e e e e e e e e e

(00] a T3 1T -1 10 ] s PP

R B BN C S .ttt e e e e

2N 0 =T Lo [T o=

4-5



Introduction:

MDS is a heterogeneous group of diseases characterized by bone marrow failure that leads to
cytopenias. Newer therapeutic developments are impeded by limited insights into disease
pathophysiology. Lack of cell lines and valid mouse models underscore the importance of
research based on primary patient samples. These samples are hard to obtain in sufficient
numbers. Our proposal will create a gene expression database that will include large numbers
of all MDS subtypes. Moreover, this database will be generated by compiling gene expression
profiles from CD34+ purified stem cells, thus ensuring that these profiles are not diluted due to
heterogeneity of whole bone marrow samples. In addition to allowing researchers to study the
expression patterns of selected genes, this database will also allow researchers to identify
subtypes of MDS patients that will potentially benefit from novel therapies that target specific
genes or genetic pathways.

Body:

We had previously shown that meta-analysis of microarray studies demonstrates feasibility of
inter-platform data integration and reveals novel hematopoietic stem cell signatures. We tested
the feasibility of conducting a meta-analysis of GE studies by using publically available data
from studies that used normal bone marrow-derived hematopoietic progenitors. Data was
integrated using both RefSeq and UniGene identifiers and normalized. We observed that in
spite of variability introduced by experimental conditions and different microarray platforms, our
meta-analytical approach can distinguish biologically distinct normal tissues by clustering them
based on their cell of origin(1).

After demonstrating the feasibility of our meta-analytical approach, we wanted to construct a
database of MDS stem cells and normal controls. We have now integrated data from 183 MDS
CD34+ samples and 17 healthy controls. The data was integrated using unigene IDs,
normalized and shown to be valid for further analysis (2). We have subsequently used this
database in 4 studies that have led to important insights into the pathophysiology of MDS (2-5).
In the first study, we showed that the SMAD2 protein is overexpressed in MDS. This protein is
an effector of the TGF-f signaling pathway and is activated by the TGF- receptor | kinase. In
the next two studies, we wanted to determine the reasons for activation of TGF- B signaling
pathway in MDS stem cells. Therefore, we used the MDS gene expression database to screen
for expression of all TGF- B related genes and discovered that the negative regulator, SMAD7,
was significantly underexpressed in MDS stem cells (3, 5). SMAD7 protein is an endogenous
inhibitor of the TGF-B receptor | kinase. Functional studies revealed that reduction in SMAD7
(observed in the meta-analysis) leads to overactivation of the TGF-f3 receptor kinase even in the
absence of high extracellular levels of the cytokine. These studies thus established SMAD7
reduction as a key intracellular event that leads to myelosuppressive TGF-B signaling and
ineffective hematopoiesis in MDS (3, 5).
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In another study, we determined that DOCK4, a GTPase exchange factor is
underexpressed in MDS (Fig 2). This study also utilized the database we created to show
DOCK4 underexpression in a large number of MDS samples (Fig 2)(Shown at Fig5 from
ref 4).
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the HELP assay performed on marrow (BM) samples in an independent cohort of patients (38) show hypermethylation of the promoter in MDS/AML samples
(A). Gene expression values from various studies on MDS and normal bone marrow-derived CD34" cells were abtained and normalized. Mean expression of
DOCK4 was significantly reduced in 89 MDS cases when compared with 61 controls (two-tailed ttest) (B, left panel); box plots of MDS subtypes show significantly
reduced levels of DOCK4 in all subtypes of MDS (B, right panel). Bone marrow biopsy samples were stained with DOCK4 antibody and show decreased
expression in four representative cases of MDS when compared with controls (C).

After demonstrating the utility of this database in this study, we now propose to add
information about MDS subtypes, blood counts, IPSS scores, patient demographics to
this database. Investigators will be allowed to access this database online. This
resource will continually be updated with newer data on an ongoing basis.

IL8 and its receptor CXCR2 is expressed in primary MDS samples and is associated with worse

clinical outcome (6)

IL8 and other CXCL ligands bind to the CXCR1 and CXCR2 receptors to trigger many different

biological processes. We evaluated the expression of these ligands and receptors in a large cohort of



AML samples analyzed by RNA-seq (TCGA, n=200). We observed that among the CXCR1 and 2
ligands, IL8 was most significantly expressed in AML (mean RPKM=36(IL8) vs 12(CXCL2), 3(CXCL3),
2(CXCL1) and 0.2 (CXCL5); P value < 0.001), and CXCR2 expression was significantly higher than
CXCR1 expression (mean RPKM=4(CXCR2) vs 2(CXCR1), P < 0.001) in leukemic cells (Fig 2A,B).
We evaluated CXCR2 overexpression for prognostic impact in this cohort and observed that samples
with higher expression of the receptor had a significantly worse prognosis compared to CXCR2 lower
expressing patients (median overall survival of 245 days in high CXCR2 cases vs 854 in low CXCR2
cases, Log rank P Value =0.003)(Fig 2C). Next, we evaluated the expression of CXCR2 in MDS stem
and progenitor cells (HSPC) in another large cohort of 183 samples generated from the DOD grant.
CXCR2 expression was found to be higher in MDS samples when compared to healthy controls (P
Value =0.001, FDR<10%) (Fig 2D). Cases with high CXCR2 were found to present with worse disease
phenotype manifesting with lower hemoglobin levels and a higher percentage of transfusion
dependence (53% for CXCR high vs 35% for CXCR2 low, P value <0.001) (Fig 2E,F). Correlation with
mutations obtained from targeted sequencing of a subset of MDS cases revealed significant
enrichment of TET2 mutations in CXCR2 low expressers, with no other significant correlations with
other mutations (Supp Table 2). Taken together, these data demonstrate that high CXCR2 expression

in HSPCs is an adverse prognostic factor in both AML and MDS.
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Figure 2. CXCR2 is expressed in primary AML and MDS samples and is associated with worse clinical outcomes. Expression of (A) chemokine ligands and (B)
receptors was evaluated inthe TCGA RNA-seq dataset from 200 AML samples (data shown as boxplots). (C) Median overall survival of AML patients with high CXCR2 was
significantly worse than in patients with lower expression (log rank, P = .003). (D) Gene expression data of CD34 " cells from 183 MDS patisnts and 17 healthy controls shows
significantly higher expression of CXCR2 in MDS CD34" cells (f test, P < .001, FDR < 5%). MDS patients with (E) high CXCR2 mpression (>median) have lower
hemoglobin levels (f test, P < .001) and (F) higher RBC transfusion dependence (test of proportions, P < .05)



Gene expression signature of MDS HSPCs with high CXCR2 is similar to known preleukemic

stem cell profiles and includes many important functional pathways

To determine the genetic pathways that were differentially expressed in MDS HSPCs with high
expression of CXCR2, we identified differentially expressed transcripts between the CXCR2 high and
low patient subsets (using median CXCR2 expression as cutoff in a cohort of 183 MDS CD34+
samples, FDR<0.1)(Fig 3A). Ingenuity pathway analysis revealed significant dysregulation of pathways
involved in chemokine signaling, cytokine-cytokine receptor interaction, innate immunity signaling,
hematopoietic cell lineage regulation, and others, in CXCR2 high patients, and also included many
genes that play important roles in molecular leukemogenesis (Fig 3B, Supp Table 3). Next, we tested
whether the high CXCR2 expression signature had any overlap with known preleukemic stem cell
gene expression profiles. Gene set enrichment analysis with two recently published preleukemic stem
cell signatures (GSE35008 and GSE30377), including one from our own group, revealed highly
significant enrichment, demonstrating that HSPCs from CXCR2 high MDS patients have a similar

transcriptomic profile than known pre-leukemic and leukemia-initiating cell populations (Fig 3C).
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We have shown the feasibility of constructing a meta-analytical database of
MDS stem cell samples and controls, and have shown that this database can be
used in basic as well as translation studies in MDS.

Reportable Qutcomes:
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MA, Sekeres, Ogawa S, Maciejewski JP. Recurrent genetic defects on chromosome
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2014 Jan 16. PMID: 24429498
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P, List A, Bitzer M, Verma A.

miR-21 mediates hematopoietic suppressionin MDS by activating TGF- 8 signaling
Blood 2013, Apr 11;121(15):2875-81. PMID: 23390194
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Conclusion:

We have shown the feasibility of constructing a meta-analytical database of
MDS stem cell samples and controls, and have shown that this database can be
used in basic as well as translation studies in MDS. We will now incorporate
mutational and clinical information to this database in the new phase of the
funding period.
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Abstract

Microarray-based studies of global gene expression (GE) have resulted in a large amount of data that can be mined for
further insights into disease and physiology. Meta-analysis of these data is hampered by technical limitations due to many
different platforms, gene annotations and probes used in different studies. We tested the feasibility of conducting a meta-
analysis of GE studies to determine a transcriptional signature of hematopoietic progenitor and stem cells. Data from
studies that used normal bone marrow-derived hematopoietic progenitors was integrated using both RefSeq and UniGene
identifiers. We observed that in spite of variability introduced by experimental conditions and different microarray
platforms, our meta-analytical approach can distinguish biologically distinct normal tissues by clustering them based on
their cell of origin. When studied in terms of disease states, GE studies of leukemias and myelodysplasia progenitors tend to
cluster with normal progenitors and remain distinct from other normal tissues, further validating the discriminatory power
of this meta-analysis. Furthermore, analysis of 57 normal hematopoietic stem and progenitor cell GE samples was used to
determine a gene expression signature characteristic of these cells. Genes that were most uniformly expressed in
progenitors and at the same time differentially expressed when compared to other normal tissues were found to be
involved in important biological processes such as cell cycle regulation and hematopoiesis. Validation studies using a
different microarray platform demonstrated the enrichment of several genes such as SMARCE, Septin 6 and others not
previously implicated in hematopoiesis. Most interestingly, alpha-integrin, the only common stemness gene discovered in a
recent comparative murine analysis (Science 302(5644):393) was also enriched in our dataset, demonstrating the usefulness
of this analytical approach.
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gene or set of genes is beset with problems. Another limitation is
different gene annotations used by different platforms. The nucleic
acid sequences for various species are submitted to and maintained
in the GenBank® database by the National Center of Biotechnol-

Introduction

Microarray-based studies of global gene expression have led to
dramatic advances in our understanding of various biological

processes. This technology has become one of the most rapidly
growing investigational methods in medical research and numer-
ous studies have been completed using this method. There are
many available platforms [1] for microarray analysis, and newer
technologies and better gene annotations have led to constant
refinement of these platforms. This has resulted in a large amount
of data in public repositories, like the Gene Expression Omnibus
[2]. Meta-analysis of these data has the potential to yield
important biological information, but is hampered by technical
issues. Cross-platform comparability has been a major hindrance
to this approach. This problem arises because matching probe-sets
across platforms is a difficult task. Different platforms use different
probe lengths and sequences, and mapping them to one common

@ PLoS ONE | www.plosone.org

ogy Information (NCBI) [3]. There are different annotation
methods in use to parse these sequences into genes or gene
clusters. UniGene is one method for partitioning GenBank nucleic
acid sequences into unique gene-oriented clusters, each of which
represents a unique gene. These UniGene identifiers (IDs) are
created by finding transcript sequences that match distinct
transcription areas or genes. UniGene IDs have been used as
the matching criterion to merge data across various platforms, but
this has led to a substantial portion of the data remaining
unmatched in previous studies [4,5,6,7,8]. Recent approaches
have tried using Reference Sequence (RefSeq) IDs as the matching
criterion [9]. RefSeq is a public access database, also maintained
by NCBI. This database is built by using sequence data from

August 2008 | Volume 3 | Issue 8 | 2965



GenBank, EMBL Data Library (UK) and DNA Data Bank (Japan)
[10]. This set is also constantly updated, and input from various
investigators is also used to maintain this set. Since both UniGene
and RefSeq are billed as non-redundant sets of transcript IDs, and
have been used in prior studies with mixed results, it is still unclear
as to which approach is better.

We attempted to conduct a meta-analysis of all gene expression
studies using hematopoietic progenitor cells to determine a gene
expression signature characteristic of these cells. Our aim was to
integrate data from all studies that used normal hematopoietic
progenitors and stem cells into a unified normalized database. This
was done using both UniGene as well as RefSeq gene IDs to assess
which identifier provides the best yield. Our results show that
experimental conditions, laboratory where the experiments were
performed and different microarray platforms can result in
significant variability in gene expression patterns from similar
sources of cells. In spite of experimental variability, meta-analytical
studies do have the power to discriminate biologically distinct
tissues on the basis of their normalized gene expression patterns.
Gene expression datasets from similar cells of origin cluster
together despite diseased phenotypes and genetic alterations. The
similarity seen among gene expression profiles of leukemias,
myelodysplasia and normal hematopoietic progenitors, when
compared to non-hematopoietic tissues, validates the functional
discriminatory power of this meta-analysis. Finally, analysis of
merged normal hematopoietic progenitor cell gene expression
datasets led to the discovery of a common gene expression
signature characteristic of these cells. Genes that are most
uniformly expressed in normal hematopoietic tissues and at the
same time being differentially expressed as compared to other
normal tissues were found to be involved in important biological
processes such as hematopoiesis and development. The expression
patterns of these genes were validated in a different microarray
platform using material from three different hematopoietic
progenitor and stem cell experiments.

Meta-Analysis of Microarrays

Methods

Data collection

Normal hematopoietic cell gene expression data were collected
from the NCBI's Gene Expression Omnibus (GEO) database
(Figure 1). Bone marrow, hematopoietic, CD34 and stem cells
were used as search terms to locate datasets containing gene
expression profiles of normal human hematopoietic cells. Normal
bone marrow/peripheral blood CD34 profiles used as controls in
studies of leukemia and other hematological diseases were also
included. Most studies used the Affymetrix U95, the U133A/B
and the U133 Plus 2.0 Array Platforms. A handful of studies using
older Affymetrix platforms, like the HG-Focus Target Array and
the Full Length HuG Array, were discarded because combining
data from these yielded a lot of non-matching probe-sets.

Gene expression data for other normal tissues assayed on the
same platforms were also obtained from GEO. In a study where
multiple sets were available, we picked one set each for every
tissue, again to minimize correlation within individual datasets.
These were picked using computer-generated random numbers.

To obtain diseased stem cell data, we identified a few studies
with multiple datasets on myelodysplasia, acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL) samples. Where
several datasets were available per study, we picked a subset, again
using random numbers, to obtain about 10 samples per each
study. Table 1 shows the details of these datasets
[11,12,13,14,15,16,17,18,19].

Integration of datasets

Initially, we used the comparison spreadsheets provided by the
chip manufacturer, Affymetrix [20]. These files link the probe-set
IDs of various platforms. However, the yield therein was poor. For
example, using the link file between the U133 and the U133 Plus
platforms, 44635 U133 IDs matched to only 9908 U133 Plus IDs.
Therefore, UniGene and RefSeq IDs were evaluated as variables

Gene Expression Omnibus searched for human tissue data — normal
hematopoietic, nomal non-hematopoietic, leukemia, myelodysplasia

r

Identified 15 U95, 106 U133 A/B & 31 U133 Plus 2.0 Affymetrix Array studies

using identifier files provided by Affymetrix

Converted individual platform IDs to Unigene and RefSeq IDs,

r

| Using these common |Ds, integrated all samples into one dataset |

"

‘ Mean shift normalization done to make all samples comparable ‘

narrowing down the list to ‘stemness’ genes.

Used for analysis — evaluating causes of variation in gene expression and

Figure 1. Schema of data collection and analysis.
doi:10.1371/journal.pone.0002965.9001
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Table 1. Sources of data for the meta-analysis*

Meta-Analysis of Microarrays

Author Source of cells No. of datasets Platform
Sternberg A, et al [11] CD34, MDS 22 U133 A/B
Oswald J, et al [12] CD34 3 U133 A/B

Su Al, et al [13] CD34, various normal NHTs 19 U133 A/B
Eckfeldt CE, et al [14] CD34 18 U133 A/B
Bhatia M, et al (GEO) CD34 15 U133 A/B
Pellagatti A, et al [15] CD34, MDS 22 U133 Plus 2.0
Breit S, et al [16] Bone marrow 9 u9s

Ge X, et al [17] Various normal NHTs 19 U133 A/B
Gutierrez NG, et al [18] Bone marrow (AML) 9 U133 A/B
Roth RB, et al (GEO) Various normal NHTs 7 U133 Plus 2.0
Cheok MH, et al [19] Bone marrow (ALL) 6 uos

Numbers in brackets are reference numbers.
doi:10.1371/journal.pone.0002965.t001

to cross link data from various platforms. Individual probe-set IDs
for each platform were linked to the corresponding UniGene IDs
using annotation files, again provided by Affymetrix [20]. These
UniGene IDs were then used to combine data across the three
platforms. Once probe-set IDs and their expression values were
combined, the expression value for each UniGene ID was
obtained. In many instances, more than one probe-set matched
to the same UniGene ID, resulting in multiple expression values
for each such ID. In such cases, the expression value was
calculated as the mean of the various values for each UniGene ID.

Probe-set IDs which did not match to any UniGene ID were
dropped. Also, if any UniGene ID had data for only one platform,
it was dropped, as it was considered to not match across at least
two of the three platforms. Moreover, in many cases, one probe-set
ID matched to more than one UniGene ID. In such cases, each
UniGene ID was considered to have the same gene expression
value and the data were expanded accordingly.

An identical process was used to merge data across platforms
using RefSeq ID as the match identifier, instead of UniGene ID.
Of interest, RefSeq IDs can be either protein IDs or transcript
IDs. Protein IDs provided slightly better results (as detailed further)
than transcript IDs, and were therefore used in this study.

Data analysis

Once expression values for each UniGene or RefSeq ID were
obtained, these were used to do the analysis. First, the datasets
were normalized using quantile normalization to ensure that
inherent large-scale expression differences in the datasets based on
different sources and laboratories were minimized. Unsupervised
hierarchical clustering using average linkage with (1 - Pearson
correlation coefficient) as the distance measure was done for each
of the three ‘types’ of tissue — normal hematopoietic cells, normal
non-hematopoietic tissues and diseased hematopoietic cells. This
allowed us to look at how the datasets cluster — whether by
platform, laboratory, experiment or otherwise.

To determine a gene signature for hematopoietic progenitor
and stem cells, we used the datasets derived from 57 CD34+ sets,
as whole bone marrow sets may not be a true reflection of these
progenitors, being as they are a mixture of various cell types. To
find out which genes were most consistently expressed across these
samples, we used the coefficient of variation — defined as the
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"NHTSs: Non-hematopoietic tissues, GEO: Gene Expression Omnibus database set,
MDS: Myelodysplastic syndrome, AML: Acute myeloid leukemia, ALL: Acute lymphoblastic leukemia

standard deviation divided by the mean — of the expression values
for each ID, calculated across all stem cell samples. The coefficient
of variation was used to incorporate consistency in gene expression
as well as “enrichment” of genes in the hematopoietic progenitor
cells. Prior studies have used similar reasoning [21].

We then used this set of consistently expressed genes and
compared their expression in normal hematopoietic progenitors
versus that in non-hematopoietic tissues, to identify which genes
could differentiate these two tissue sources. This was done using
significance analysis of microarrays (SAM) [22,23]. Similarly,
normal hematopoietic progenitor gene expression was compared
to diseased hematopoietic data, to identify a subset of genes that
may be most relevant to hematological stem cell disorders. All IDs
with missing values for any of the samples were deleted.

All data analyses were done using SAS (SAS Institute, Cary,
NC), the R language and ArrayAssist Expression software package
(Stratagene Corporation, La Jolla, CA).

Results

Integration of data using protein identifiers

A total of 66 individual normal hematopoietic cell expression
profiles were identified in NCBI’'s GEO database (Table 1). Nine
were derived from whole bone marrow samples and 57 were from
selected CD34-positive cells. These studies were performed on 3
different microarray platforms (Table 2). Since the probe-set
identifiers and complementary oligos were different on these
platforms, we integrated the data using both UniGene and RefSeq
protein IDs (Figure 1, showing schema).

The Affymetrix annotation files yielded 12,626 unique probe-
sets in the U95 platform, 44,761 in the U133 A/B platform and
54,676 unique probe-sets in the U133 Plus 2.0 platform. Using
UniGene IDs as the matching criterion, 11,635, 40,787 and
45,867 probe-sets matched to at least one other platform,
respectively. After combining data from all the three platforms,
we ended up with a total of 20,717 UniGene IDs. Since one
probe-set can match to more than one UniGene ID and vice versa,
a relatively small number of U95 probe-sets matched to 20,717
UniGene IDs. Using RefSeq protein IDs as the matching
parameter, 11,722, 37,395 and 42,462 probe-sets matched to at
least one other platform, respectively. As many of the probe-sets
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Table 2. Platform and tissue type for various datasets.
U133 Plus

U9s U133 A/B 2.0 Total
Normal hematopoietic 9 46 11 66
stem cells
Normal tissues, 0 36 7 43
non-hematopoietic
Diseased hematopoietic 6 23 11 40
stem cells
Total 15 105 29 149
doi:10.1371/journal.pone.0002965.t002

from the two newer platforms were coding for the same protein,
we ended up with a total of 28,497 unique RefSeq protein IDs that
were common to all three platforms. After removing the probe-sets
where expression values were missing for any dataset, a total of
8,598 unique UniGene IDs and 8,345 unique RefSeq IDs were
obtained that were common to all platforms. These were quantile-
normalized using ArrayAssist (Strategene Corporation, California,
USA) to adjust for hybridization intensities and used for the meta-
analysis.

Experimental conditions, microarray platforms and
source of cells can influence gene expression patterns
Sixty-six hematopoietic gene expression profiles from either
whole bone marrow or selected CD34 cells were grouped using
unsupervised clustering based on Pearson correlation coefficient.
In spite of similar cell types, the studies grouped primarily based
on the laboratory where the data was obtained from. The next
level of clustering was defined by the microarray platform used for
the studies. Barring two bone marrow samples from the Plus 2.0
platform that were similar to one bone marrow sample from the
133A/B platform, all the samples clustered depending on which
platform they were from. The samples from the U95 platform
stayed as a separate group (Figure 2). The last level of similarity
was based on the exact source of the cells used for the RNA.

Study
Platform u95 ]
Cell type Bone marrow

Meta-Analysis of Microarrays

Table 3. Pairwise absolute correlation coefficients for normal
hematopoietic cell samples

Mean (Range) Median
Same study 0.87 (0.26-1.00) 0.95
Different study 0.35 (0.00-0.93) 0.04
Same platform 0.83 (0.26-1.00) 0.82
Different platform 0.02 (0.00-0.06) 0.01
Same cells (CD34 or BM) 0.58 (0.01-1.00) 0.79
Different cells 0.01 (0.00-0.01) 0.01

doi:10.1371/journal.pone.0002965.t003

The correlation coefficients between various datasets validated
the clustering order of laboratory, platform and source (Table 3).
The correlation was strongest between samples obtained from the
same laboratory/study, with a mean (median) absolute correlation
coefficient of 0.87 (0.95). When the platform was the same, a
slightly lesser though still strong correlation of 0.83 was obtained.
These results illustrate that the cause of variability in gene
expression studies can be due to experimental conditions/
protocols used in individual laboratories, platforms used as well
as sources of cells in that order.

Gene expression studies from biologically distinct tissue
types can be compared despite varying platforms and
experimental conditions

We next wanted to determine the degree of dissimilarity of
hematopoietic datasets to gene expression (GE) datasets obtained
from other biologically distinct tissues. GE profiles from human
adrenal, appendix, brain, breast, colon, heart, kidney, liver, lung,
ovary, pancreas, pituitary, prostate, salivary gland, skin, small
intestine, smooth muscle, spleen, stomach, testis, thyroid, urinary
bladder and uterus samples were obtained from the GEO database
and used for this analysis. Unsupervised clustering showed that
samples from the same tissue of origin clustered tightly together in
spite of different platforms/laboratories used for the analysis

CD34

Figure 2. Normal bone marrow HSC clustering. Experimental conditions, microarray platforms and sources of cells influence gene expression
patterns of normal bone marrow derived HSCs. Dendrogram of normal bone marrow derived hematopoietic cells based on unsupervised hierarchical
clustering, using (1 - Pearson correlation coefficient) as the distance measure. Same color in each horizontal row indicates same group.

doi:10.1371/journal.pone.0002965.g002
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comparability across studies and platforms.
doi:10.1371/journal.pone.0002965.9g003

(Figure 3). Clustering of triplicate sets of liver, heart, brain, salivary
gland, testis, kidney and thyroid tissues from different laboratories
and platforms clearly indicates that our analysis can detect the
similarity of expression at the source tissue level. The mean (and
median) correlation coeflicients were also not very dependent on
the laboratory/study or the platform (Table 4). The highest
correlation was observed between similar tissues. These results
demonstrate that despite inter-platform and inter-study variability,
meta-analysis of gene expression profiles has the potential of
revealing differences between tissues with a high degree of
dissimilarity (Table 4).

Gene expression datasets from similar cells of origin can
cluster together despite diseased phenotypes and
genetic alterations

To further test the discriminatory ability of the meta-analysis,
we next grouped datasets from hematologic malignancies with the
normal hematopoietic and non-hematopoietic tissues analyzed
within the same microarray platform (U133 A/B). We wanted to
determine whether biological variability seen in hematopoietic
stem cell disorders such as acute leukemias and myelodysplastic
syndromes would be distinguishable in our analysis. Unsupervised
clustering showed that even though diseased hematopoietic cells
were separated from the normal cells, they were significantly more
dissimilar to non-hematopoietic tissues (Figure 4A). In fact, some
individual GE profiles from bone marrow CD34+ samples from

Table 4. Pairwise absolute correlation coefficients for normal
non-hematopoietic cell samples.

Mean (Range) Median
Same study 0.58 (0.27-0.91) 0.59
Different study 0.55 (0.23-0.95) 0.55
Same platform 0.58 (0.24-0.95) 0.59
Different platform 0.51 (0.23-0.88) 0.49
Same tissue 0.77 (0.68-0.95) 0.80
Different tissue 0.57 (0.23-0.88) 0.59

doi:10.1371/journal.pone.0002965.t004
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myelodysplastic syndromes were very similar to normal CD34+
cells and clustered within their groups. We believe that this was a
strong validation of our analytical approach as myelodysplasia is a
preleukemic disorder with varying levels of pathology and can
have cases that are genetically very similar to normal hematopoi-
etic stem cells [24]. We did a similar analysis using RefSeq IDs as
the matching criterion between different datasets. Interestingly,
clustering using RefSeq IDs provided more heterogeneous results
(Figure 4B) and grouped non-hematopoietic tissues along with
hematopoietic tissues, thus demonstrating that UniGene IDs are
better at discriminating biological subsets.

Hematopoietic progenitor and stem cell signature

After validating the strength of the meta-analysis, we wanted to
determine a gene expression signature of hematopoietic progen-
itors. Using the lowest 20™ percentile, to obtain the best possible
initial yield, a total of 1,719 genes were obtained with a low
coefficient of variation among the 57 CD34+ GE profiles (range
0.15-0.39). These were the genes deemed to be most characteristic
of the stem and progenitor cells as their expression was most
consistently enriched among all the samples.

Using this list of genes, we next determined the genes that were
able to discriminate normal hematopoietic and non-hematopoietic
cells by using significance analysis of microarrays (SAM). We used
100 permutations to compute the expected significance ‘score’,
and a false discovery rate (FDR) of 0.29% was achieved by using
the lower- and upper-most 10% of genes. A total of 349 genes
were called as significant (Figure 5).

To better understand how differentially expressed genes were
integrated into specific regulatory and signaling pathway networks,
we used Ingenuity Pathway Analysis (Ingenuity Systems, Redwood
City, USA). Functional analysis of overexpressed genes indicated
that this list is highly enriched for proteins involved in
hematopoiesis and cell cycle, further validating our approach
(Figure 5, Table 5). Several of these genes have already been
described to have important roles in development of the
hematologic system. In addition, our analysis revealed a variety
of novel functional genes like SWI/SNF family member 4,
SMARCE]! and Septin 6. Many of the genes identified in our
database were also found to be enriched in 3 independent HSC
studies performed in our laboratory using a different Nimblegen
platform (Supplementary Table S1). Cross validation suggests that
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were involved in important functional pathways in the cell, including drug metabolism, hematological system development, cell signaling and cancer
and cell death, as shown in the bar graph alongside. One such network is shown, which includes the GATA2, Cyclin E and SMARCE1 genes. B:
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doi:10.1371/journal.pone.0002965.9005

these genes need to be tested as potential markers of HSCs and poietic progenitors (Table 6). Our database and integration files
may have functionally important roles in hematopoiesis. We also will be online in a searchable format to aid other hematology and
found 171 genes to be differentially underexpressed in hemato- stem cell researchers (http://greallylab.aecom.yu.edu/).
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Table 5. ‘Stemness genes’*

Meta-Analysis of Microarrays

Major functions

Well-annotated genes

Gene Expression, Cell Cycle, Cellular Development,

Cell Morphology, Cellular Assembly and Organization, Cell
Signaling

Cancer, Cellular Growth and Proliferation,
Tumor Morphology

Others

ABCC1, CASP8, CSNK1G2, E2F3, GATA2, JARID2, RALBP1, SMARCA4, SMARCE1, STK10, SUMO1, TAL1,
TCF12, TFDP2, USP4, USP7

C10RF2, GLIPR1, HSPA9, ING2, LPIN1, MAP3K4, MAP4K1, NCK1, NFATC1, PAK2, PPM1F, PPP3CA, TP53,
UBE3A, ZNF84, BRPF1, EWSR1, HSPA4, LYN, MAPKAPKS, PHF21A, PTEN, TIMM17A, TROVE2

ATP6VOA2, CD47, HNRPUL1, MLLT10, MPHOSPH9, MTR, PDS5A, SEC63, SH3BGRL

TIPRL, TSR1, TXNDC9, SFRS17A, CENTB2, THOC2, KIAA0368, PAX3, TFIP11, TUFT, FMR1, NUFIP1

doi:10.1371/journal.pone.0002965.t005

Discussion

Microarray analysis of global gene expression has led to rapid
advances in our understanding of various physiological and
pathological processes. Although many hundreds of studies have
been done, doubts have been raised about the reproducibility and
applicability of this data [25,26,27,28]. Inter-study variability can be
attributed to differing probes on the arrays, different protocols for
RNA extraction, labeling and hybridization, and differences in the
quality of cells. In spite of these factors, a number of studies have also
demonstrated reproducibility of microarray studies performed at
different platforms and laboratories, though most used the same
source of RNA for these analyses [29,30,31]. The MicroArray
Quality Control consortium (MAQC) was formed to address these
questions and recently reported that reproducibility can be enhanced
by better matching of microarray probes between platforms [32].
They concluded that matching probe-sets within the same exons and
using similar experimental protocols can lead to more reproducible
results when performed on major commercial microarray platforms.
Our results take these findings a step further and demonstrate that

GE studies done using different platforms and distinct sources of

material have the power to discriminate between biologically distinct
tissues and thus can also be used to analyze various scientific
questions. Earlier attempts to address study specific biases have used
statistical algorithms including ANOVA based correction models
[33,34]. We did not use these algorithms as we found adequate
discrimination between biologically distinct tissues, demonstrating
that the degree of differential gene expression is so large that it is
found even in presence of possible study-specific biases. It is possible
that some of the more subtle results seen in our analysis, however,
may prove artificial once these biases have been removed by
appropriate methods.

Table 6. Genes quiescent in HSC progenitor cells*

“Some important genes differentially over-expressed in hematopoietic progenitors, as compared to non-hematopoietic tissues

Furthermore, this meta-analysis can be accomplished simply by
using UniGene and RefSeq identifiers as common variables
between array platforms, though UniGene is shown to be slightly
better at achieving this discrimination in our dataset. This
difference between UniGene and RefSeq results, albeit small, is
likely due to the different methods of identifying and assigning
transcripts used in the process, and has been observed in prior
studies also [4,5,6,7,8,9,10]. Even though we did observe
variability due to different laboratory protocols as seen by previous
studies, a superior correlation between tissues with similar sources
of cells was able to surpass this limitation and make the meta-
analysis scientifically useful.

Our study demonstrated that results obtained through this
approach can be reconciled with the biology of hematopoietic cells
and malignancies thereof. For example, samples from acute
myeloid leukemia and myelodysplasia were found to be transcrip-
tionally closer to normal hematopoietic cells than non-hemato-
poietic cells, even though these studies are done in many different
laboratories. MDS is a preleukemic disorder of varying grades of
pathology and can have an indolent course in most patients
[15,24]. The fact that MDS samples clustered with normal
hematopoietic samples in some cases shows that our analysis can
interpret biological relationships even between studies performed
by different experimental protocols and laboratories.

After demonstrating that our approach can be used to
biologically characterize sources of cells, we attempted to use this
database to discover gene signatures characteristic of hematopoi-
etic progenitor and stem cells. Due to the heterogeneity of our
source dataset, we imposed very stringent criteria to discover genes
characteristic of hematopoietic progenitors. Out of the 349 genes
that were differentially expressed in normal progenitors, 124 are
differentially expressed in diseased hematopoietic cells, demon-

Major functions

Well-annotated genes

Skeletal and Muscular System Development, Function and
Disorders, Genetic Disorders

Cellular Assembly and Organization, Cellular Function and
Maintenance, Cell Signaling

Protein Degradation, Cellular Movement, Cell Morphology

Others

ADD1, APBB3, ARHGAP1, ATP2A2, BCL2L2, BGN, CALCOCO1, CALD1, CALM1, COL18A1, COL6A1, DDR1,
ESRRA, FMOD, MYH9, NCOA1, PFN2, PXN, RHOC, SQSTM1, TPM1

APP, CADM1, CD59, CLSTN1, ERBB2, F8, FLOT1, GDI1, IKBKG, MAPK13, MYO1C, NDRG2, NFE2L1, PTRF,
RAB5B, RAB5C, SFRP1, SHC1, SPTAN1, WFS1

ARF3, ARFIP2, CES2, COL1AT, CTNND1, EIF4G1, GSK3A, GSTAT, GSTM2, KIF5C, MFN2, MMP14, PAPSS2,
PCDHGC3, PTPRF, SDC1, TIMP3, TSPAN3

CDC42EP4, CHST10, DEFB1, FKBP1A, HDLBP, LPP, ST00A13, TEGT, AKAP1, CLOCK, JAM3, PCTK1, TLE2,
TMPRSS6, TNFAIP1, TRIP10, USP13, SPOCK2

doi:10.1371/journal.pone.0002965.t006
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strating that hematologic malignancies result in disruption of
mmportant functional genes. Our search strategy yielded several
genes that were consistently enriched in normal hematopoietic GE
datasets and were found to be involved in cell cycle, growth,
development and hematopoiesis by functional pathway analysis.
Recent studies have supported similar comparative approaches for
more accurate and valid gene target discovery [21,26,35]. Two
recent seminal studies searched for gene signatures of stem cells by
comparing genes enriched in hematopoietic, neural and embry-
onic stem cells and arrived at a total of 283 and 230 common
‘stemness’ genes respectively [21,35]. Even though the experi-
mental techniques and cell types in these two papers were similar,
an initial comparative analysis showed that only 7 ‘stemness’ genes
were common between these two studies. Comparison to a
subsequent third analysis [26] showed even less overlap, with only
one gene being consistently enriched between these three
independent similar studies. Repeat analysis done using different
statistical methods did lead to more gene overlap, but the final
conclusion was that gene array studies of stem cells are influenced
by cell purity and can be contaminated by a high level of non-
specific observations in the data. Consequently, the authors
determined that commonly expressed genes among different
studies may be better representatives of functionally important
stemness genes. Thus, meta-analytical approaches may be a way
to separate functionally important information from experimental
noise. As the genes discovered by our analysis are common in an
extremely variable dataset, they may have a high chance of being
characteristic of human HSCs. Most importantly, alpha-6
integrin, the one gene that was found be enriched in all three
murine stem cell studies, is similar to alpha-4 integrin that was
found to be enriched in our human dataset. Both of these integrins
are known to be expressed on the surface of HSCs and are
implicated in cell migration and homing to the bone marrow. The
functional similarities between these two integrins and the
concurrence of our findings with three landmark stemness gene
studies published in the literature validate our analytical approach.

Our analysis also yielded a set of genes not previously implicated
in hematopoiesis. Some of these genes have interesting functions
and can be potential regulators of HSC function. SMARCE
(SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily e/BAF57) is a key member of the
mammalian SWI/SNF chromatin remodeling complex that is
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involved in transcriptional regulation [36]. SMARCE has been
shown to mediate the interaction between the chromatin
remodeling complex and transcription factors and thus could be
partly responsible for the unique chromatin associated with stem
cells [37]. Lyn kinase is a member of the src family of kinases and
has been implicated in granulopoiesis and erythropoiesis and
needs further exploration as a stem cell marker [38,39]. Septin 6 is
a member of a class of proteins involved in cell division, membrane
trafficking and cytoskeletal organization. The roles of septins in
hematopoietic stem cells remain unexplored [40]. Amyloid beta
precursor protein is a cell surface protein with signal-transducing
properties, and it is thought to play a role in the pathogenesis of
Alzheimer’s disease [41]. This protein can activate NEDDS, a
ubiquitin-like protein required for cell cycle progression through
the S/M checkpoint and thus can be potentially involved in cell
cycle control of hematopoietic stem cells. The protein Dp-2 (E2F
dimerization partner 2) belongs to a family of transcription factors
that play an essential role in regulating cell cycle progression [42].
These transcription factors regulate the expression of numerous
critical genes (e.g. cyclin E, CDC2, cyclin A, B-Myb, E2F1, and
p107) involved in cell cycle progression as well as several enzymes
(DNA polymerase o, thymidine kinase, and dihydrofolate
reductase) required for DNA replication [42]. Thus Dp-2 could
certainly be involved in stem cell regulation. In summary, our
analytical approach provides a list of interesting genes for further
scientific and functional validation. Additionally, this dataset can
be used as an online resource for stem cell and hematology
researchers as a control database for comparisons with disease
state GE profiles done in their laboratories.
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Abstract

MDS is characterized by ineffective hematopoiesis that leads to peripheral cytopenias. Development of
effective treatments has been impeded by limited insight into pathogenic pathways governing dysplastic
growth of hematopoietic progenitors. We demonstrate that smad2, a downstream mediator of transforming
growth factor—§ (TGF-p) receptor I kinase (TBRI) activation, is constitutively activated in MDS bone
marrow (BM) precursors and is overexpressed in gene expression profiles of MDS CD34* cells, providing
direct evidence of overactivation of TGF-f pathway in this disease. Suppression of the TGF-f signaling by
lentiviral ShRNA-mediated down-regulation of TBRI leads to in vitro enhancement of hematopoiesis in
MDS progenitors. Pharmacologic inhibition of TBRI (alk5) kinase by a small molecule inhibitor, SD-208,
inhibits smad?2 activation in hematopoietic progenitors, suppresses TGF-B—mediated gene activation in BM
stromal cells, and reverses TGF-B-mediated cell-cycle arrest in BM CD347 cells. Furthermore, SD-208
treatment alleviates anemia and stimulates hematopoiesis in vivo in a novel murine model of bone marrow
failure generated by constitutive hepatic expression of TGF-1. Moreover, in vitro pharmacologic
inhibition of TBRI kinase leads to enhancement of hematopoiesis in varied morphologic MDS subtypes.
These data directly implicate TGF-f signaling in the pathobiology of ineffective hematopoiesis and
identify TBRI as a potential therapeutic target in low-risk MDS.

Introduction
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Neoplasia: Inhibition of the TGF-p receptor I kinase promotes hematopoiesis in MDS

The myelodysplastic syndromes (MDSs) are clonal stem cell disorders characterized by cytologic dysplasia
and ineffective hematopoiesis.1=2 Although approximately one third of patients may progress to acute
leukemia, refractory cytopenias are the principal cause of morbidity and mortality in patients with MDS.%
In fact, approximately two-thirds of patients present with lower risk disease characterized by hypercellular
marrows with increased rates of apoptosis in the progenitor and differentiated cell compartments in the
marrow.2~8 Ineffective hematopoiesis arising from abortive maturation leads to peripheral cytopenias.
Higher grade or more advanced disease categories are associated with a significant risk of leukemia
transformation, with a corresponding lower apoptotic index and higher percentage of marrow blasts.

Cytokines play important roles in the regulation of normal hematopoiesis, and a balance between the
actions of hematopoietic growth factors and myelosuppressive factors is required for optimal production of
different hematopoietic cell lineages. Excess production of inhibitory cytokines amplifies ineffective
hematopoiesis inherent to the MDS clone. Transforming growth factor— (TGF-f) is a myelosuppressive
cytokine that has been implicated in the hematopoietic suppression in MDS. The plasma levels of TGF-3
have been reported to be elevated in some2~L2 but not all studies’4~1L and are supported by greater TGF-p
immunohistochemical staining in selected studies. In addition to direct myelosuppressive effects, TGF-3
has also been implicated in the autocrine production of other myelosuppressive cytokines (TNF, IL-6, and
IFNy) in MDS.18 Conflicting data may arise from technical limitations of bone marrow
immunohistochemical analyses of a secreted protein as well as the biologic heterogeneity of the disease
itself. In addition, plasma levels of TGF- may not be an accurate reflection of the biologic effects of this
cytokine in the MDS bone marrow microenvironment. Thus we investigated the role of TGF-3 in MDS by
direct examination of receptor signal activation to conclusively determine its role in the pathogenesis of
ineffective hematopoiesis in MDS.

Our previous studies have shown that signaling pathways activated by myelosuppressive cytokines can
serve as therapeutic targets in low-risk MDS. We showed that interferons (IFNa, IFNB, and IFNy), TGF-f,
and tumor necrosis factor a (TNFa) can all activate the p38 mitogen-activated protein kinase (MAPK) in
primary human hematopoietic progenitors and that activation of p38 is required for myelosuppressive
actions of these cytokines on hematopoiesis.2222 We subsequently confirmed overactivation of p38 MAPK
in the bone marrow progenitors of low-risk MDS patients. Our data showed that inhibition of this cytokine-
stimulated p38 MAPK pathway partially rescues hematopoiesis in MDS progenitors. This led to a clinical
trial of a p38 inhibitor, SC10-469, in low-risk MDS; the preliminary results have shown modest clinical
activity in some cases of lower-risk MDS.2 Having demonstrated that intracellular signaling pathways can
serve as therapeutic targets in MDS, we decided to directly evaluate TGF-f signaling in MDS. We
determined that the smad2 protein is heavily phosphorylated in MDS bone marrow progenitors and is found
to be up-regulated in meta-analysis of MDS CD34 cell gene expression studies, thereby demonstrating
sustained TGF-f signal activation in this disease. We showed that inhibition of the TGF-f3 receptor |
kinase (TBRI) by shRNA suppression or by small molecule inhibitors abrogates smad?2 activation and
reverses the suppressive effects of TGF-B on hematopoiesis. Most importantly, TBRI inhibition stimulated
in vitro hematopoiesis from a variety of MDS progenitors, thus providing a therapeutic rationale for
inhibiting TGF-f signaling in this disease.

Methods

Cells lines and reagents human

CD34* cells were isolated from bone marrows of healthy or MDS patients, after obtaining informed
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consent approved by the institutional review boards of University of Texas (UT) Southwestern Medical
School (Dallas, TX), the Dallas VAMC, the University of Arizona College of Medicine (Phoenix, AZ), and
the University of South Florida (Tampa, FL), and in accordance with the Declaration of Helsinki. Some
bone marrow CD34™ cells from various healthy donors were also obtained from Cambrex (Atlanta, GA).
KG-1, K562, and HS-5 cell lines were purchased from ATCC (Manassas, VA). Erythroid progenitors at
the colony-forming unit—erythroid (CFU-E) stage of differentiation were grown in cytokine-enriched
Iscove modified Dulbecco medium (IMDM) media, similar to our previous studies.==<><= Briefly, bone
marrow or peripheral blood mobilized CD34 cells were immunomagnetically selected and cultured in
15% fetal bovine serum, 15% human serum, IMDM, 10 ng/mL IL-3, 2 units/mL erythropoietin (Epo), and
50 ng/mL stem cell factor (SCF). The cells were fed on days 3 and 6 to maintain an Epo concentration of 2
units/mL. The cells were sorted for glycophorin positivity on day 8 of culture and used for biochemical
studies. SCF, thrombopoietin (TPO), Flt-3—ligand (FLT-3L), erythropoietin, and TGF-f1 were bought
from R&D Systems (Minneapolis, MN). The phos-Smad?2 (S465/467), Cdc2, and PCNA antibodies were
from Cell Signaling Technology (Beverly, MA); cyclin E2 and Cdc6 antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA); and smad2 antibody was from Invitrogen (Carlsbad, CA). TBRI inhibitor
SD-208 was provided by Scios (Fremont, CA). SD-208 is a selective 2,4-disubstituted pteridine-derived
TGF-B receptor 1 (TGF-BI) kinase inhibitor23-28 that exhibits an in vitro specificity for TGF-BRI kinase of
more than 100-fold compared with TGF-BRII kinase and at least 20-fold more than members of a panel of
related protein kinases. SD-208 was diluted in dimethyl sulfoxide (DMSO; 20 mM stock solution) and kept
at —20°C until use.

Cell lysis and immunoblotting

Cells were lysed in phosphorylation lysis buffer as previously described.2Y In the experiments in which the
effects of SD-208 were studied, DMSO (diluent)-treated cells were used as control. Immunoblotting was
performed as previously described.22

Immunohistochemistry

Paraffin-mounted bone marrow core biopsy sections from MDS patients and controls were obtained after
informed consent. Controls had anemia from non—-MDS-related causes. Slides were deparaffinized and
hydrated. Mercury pigments from B5 fixative were removed by iodine-sodium thiosulfate sequences. After
rinsing 3 times in PBS, all sections were immersed in 3% hydrogen peroxide for 20 minutes at room
temperature to completely block endogenous peroxidases. Antigen retrieval (citrate buffer, pH 6.0) was
used for all these antibodies. To prevent nonspecific binding with primary antibodies, sections were
pretreated with 15% normal goat serum. After 3 washes with PBS, the sections were incubated with
primary antibodies overnight at 4°C. The primary antibodies used in this study were rabbit phospho-smad?2
polyclonal antibody diluted at 1:1000 dilution (Cell Signaling Technology). After 3 washes with PBS, the
sections were then incubated with biotinylated goat antirabbit (Chemicon International, Temecula, CA)
secondary antibody at 1:2000 dilution at room temperature for 30 minutes. Normal rabbit or mouse 1gGs
(Santa Cruz Biotechnology) were used as negative controls. All sections were then treated with avidin-
biotin-horseradish peroxidase reagents (Vector, Burlingame, CA) and finally stained with
diaminobenzidine (Research Genetic, Carlsbad, CA). After several more rinses, the sections were
counterstained with hematoxylin and subsequently mounted with Permount (Fisher Scientific) mounting
medium. The quantification of p-smad2 staining was analyzed by counting the total number of positively
stained cells and by measuring the intensity of the positively stained cells in 5 hot fields (hot field is
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defined as area of high density of p-smad?2 staining) for each patient sample under 400x magnification
aided by Image Pro Plus (Media Cybernetics, Bethesda, MD) software. The results were expressed as mean
numbers of positively stained cells per field and mean intensity per field for each individual patient
sample.

ShRNA knockdown experiments

The human lentiviral ShRNAmir (pCMV-GIN-Zeo) containing the hairpin sequence
TGCTGTTGACAGTGAGCGAGGTACTACGTTGAAAGACTTATAGTGAAGCCACAGATGTATAAGTC
targeting TGF-BRI was obtained from Open Biosystems (Huntsville, AL). The scrambled control
shRNAmir was cut out from pSM retroviral vector (Open Biosystems) by Xhol and EcoRI and ligated into
lentiviral vector and used as a control. Recombinant lentiviruses were produced by transient transfection of
the 293T cells with the transducing vector and 2 packaging vectors: pVSVg, a plasmid expressing the
VSVg envelope gene, and pA8.9, a plasmid expressing the HIV-1 gag/pol gene. The supernatants were
collected 48 hours after transfection. Cell lines HS-5 and K562 were transduced with the virus supernatant
in the presence of 8 pg/mL polybrene, and transduced cells were identified by expression of green
fluorescent protein (GFP) and sorted by fluorescence-activated cell sorting (FACS). Nucleofection of
CD347 cells or MDS BM mononuclear cells (MNCs) was performed according to the manufacturer's
instructions, using the Nucleofector machine (Amaxa, Cologne, Germany). The CD34" cells were thawed
and cultured for 2 hours; 2 x 10° cells were resuspended in 100 pL human CD34* nucleofection solution
(Amaxa). Samples were transferred into cuvettes and transfected using program U08. CD34" cells were
collected, dispensed in the wells of a 24-well plate containing 1 mL prewarmed StemSpan (StemCell
Technologies, Vancouver, BC), and supplemented with 100 ng/mL human FLt-3, SCF, and TPO. The
lentiviral transfected CD34™ cells were sorted 24 hours later according to the GFP intensity using Moflow
(Becton Dickinson, San Jose, CA). Quantitative reverse-transcription—polymerase chain reaction (RT-PCR)
for TBRI expression was done on total RNA from HS-5 and K562 cells obtained by RNAeasy mini kit
(Qiagen, Valencia, CA). cDNA was synthesized with SuperScript Reverse Transcriptase 111 (Invitrogen).
Real-time PCR was performed with SYBR green PCR Master Mix (Applied Biosystems, Foster City, CA),
and TBRI and GAPDH (control) were simultaneously amplified with specific primers.

Primers for GAPDH were forward, 5'-cgaccactttgtcaagctca-3' and reverse, 5'-ccctgttgetgtagccaaat-3'.
Primers for TBRI were forward, 5'-tcgtctgcatctcactcat and reverse, 5'-gataaatctctgectcacg-3'.

Meta-analysis

National Center for Biotechnology Information's (NCBI, Bethesda, MD) GEO databaseZ2 was searched for
gene expression studies on MDS and normal CD34 cells. A total of 2 MDS datasets with 69 unique MDS
CD34" studies3%3L and 57 normal CD34" datasets from 6 studies2%=34 were identified and downloaded.
Fifty-nine MDS samples belonged to low-grade risk group, whereas 10 belonged to high-grade
International Prognostic Scoring System (IPSS) risk group. The data were integrated using UniGene 1Ds.32
Studies were done using Affymetrix U133A/B and Plus 2.0 platforms (Santa Clara, CA). After interarray
quantile normalization, smad2 expression was assessed and visually represented as a heat map using R

statistical software (http://www.r-project.org/).

CD34™* cell proliferation and cell-cycle assays

CD34* cells, cultured in IMDM medium (Mediatech, Manassas, VA) containing 15% fetal bovine serum
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(FBS; HyClone, Logan, UT) and cytokines (50 ng/mL each of SCF, TPO, and FLT-3L), were pretreated
with DMSO or 0.5 puM SD-208 for 1 hour before TGF-B1 (0.5 ng/mL final concentration) was added. Cells
were cultured for 7 days at 37°C/5% CO,. On days 3, 5, and 7, cell aliquots were taken and viable cell
concentration was determined using Guava ViaCount (Guava Technologies, Hayward, CA). The
experiment was repeated at least 3 times (using multiple donors of CD34™ cells) with similar results. Cell-
cycle distribution of CD34" cells (gated with PE-conjugated CD34 antibody [BD Biosciences, San Jose,
CA]) was determined on day 7 using the APC BrdU Flow Kit and the LSR-I1 flow cytometer (BD
Biosciences) according to the manufacturer's instructions.

cDNA microarray analysis

CD347 cells were treated with DMSO or SD-208 in the presence or absence of TGF-B1. After 24 hours,
total CD34% RNA was extracted using Qiagen's RNeasy kit. Details of microarray and data analysis have
been described previously.2® The data were lowess normalized2’ using the maNorm function in microarray
package of Bioconductor version 1.5.8 (Fred Hutchinson Cancer Research Center, Seattle, WA).
Differential expression values were expressed as the ratio of the median of background-subtracted
fluorescent intensity of the experimental RNA to the median of background-subtracted fluorescent
intensity of the control RNA.

Murine experiments

Transgenic mice expressing a fusion gene (Alb/TGF) consisting of modified porcine TGF-B1 cDNA under
the control of the regulatory elements of the mouse albumin gene28 were used under animal institute—
approved protocol. Mice were given SD-208 in 1% methylcellulose solution by gastric lavage using a
curved 14-G needle. Blood counts were analyzed by Advia (Bayer) machine. Mice femurs were flushed
and bone marrows cells were used for clonogenic assays. Methocult GF M3534 (StemCell Technologies)
was used to assess myeloid (granulocyte/macrophage colony-forming unit [CFU-GM]) colony formation,
and Methocult SF M3436 was used for erythroid colony (erythroid burst-forming unit [BFU-E])
assessment.

TGF- gene reporter assay

HS-5 cells were plated in 6-well plates 24 hours before transfection. Cells were transfected in triplicate
with SuperFect (Qiagen) according to the manufacturer's instruction using the reporter plasmid (pGL2-
3TP-Lux); plasmids that contain kinase-null TBRI (pRK5-TBRI-KR) were used as positive control.22
pSV-B-Gal was used to normalize the transfection efficiency. After an overnight incubation, the medium
was replaced with serum-free medium with or without SD-208 as necessary for the experiment. After 48
hours, cells were treated with 10 ng/mL TGF-B1. Cells were harvested 24 hours later in reporter lysis
buffer (Promega, Madison, WI), and luciferase and [3-galactosidase activities were determined using Dual
Luciferase System (Promega).

Hematopoietic progenitor cell assays

Hematopoietic progenitor colony formation was determined by clonogenic assays in methylcellulose, as in
our previous studies.1229 All participants in the study signed informed consent, approved by the
institutional review board of UT Southwestern and Dallas VA Medical Center. Mononuclear cells were
isolated from MDS patient bone marrow aspirates by Ficoll-Hypaque density gradient separation. These
cells were cultured in methylcellulose media (Methocult GF H4434; StemCell Technologies) containing
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recombinant human stem cell factor, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-3
and erythropoietin. Granulocyte/macrophage colony-forming units (CFU-GMs) and erythroid burst-
forming units (BFU-Es) were scored on day 14 of culture.

Results

smad?2 is activated in MDS bone marrow precursors

Bone marrows of 20 patients with MDS were assessed for the activation/phosphorylation state of smad2 by
immunohistochemistry. Most (16 of 20) patients belonged to lower (low and Int-1 IPSS) risk category of
MDS. MDS bone marrow samples were compared with age-matched controls with non-MDS causes of
cytopenias (iron deficiency anemia [1], chemotherapy-related anemia [1], hyperplenism [1], drug-induced
marrow suppression [1], autoimmune anemia [1], myelofibrosis [1], and unexplained cytopenias in the
absence of any dysplasia [2]). Notable activation of smad2 was seen in bone marrow cells of all patients
with MDS, (Eigure 1A) with a greater number of positively staining cells (Eigure 1B) and significantly
higher intensity of nuclear staining (Figure 1C) compared with controls. Activation of smad2 was seen in
all subtypes of MDS examined (7 with refractory anemia [RA]), 11 with refractory cytopenias with
multilineage dysplasia [RCMD], and 2 with refractory anemia with excess blasts [RAEB]). Because smad2
is ubiquitously expressed, we also investigated the phenotypes of bone marrow cells that expressed the
activated kinase. Histologic examination revealed that smad2 was activated in hematopoietic progenitors of
all lineages including erythroid and myeloid precursors and even megakaryocytes.

Because sustained TGF- signaling can also lead to up-regulation of smad2 protein, we decided to analyze
its expression in a meta-analysis of publicly available microarray studies in MDS. A total of 69 unique
MDS patient CD34" gene expression profiles were obtained from published studies,223L integrated using
UniGene protein IDs,22 subjected to interarray normalization, and then used for analysis (Figures S1,52
and Table S1 showing schema of meta-analysis, available on the Blood website; see the Supplemental
Materials link at the top of the online article). Fifty-seven normal CD34* gene expression profiles were
also obtained from a total of 6 studies2%3440 and used as controls. This strategy was shown to be a
biologically valid strategy for analysis as it was able to cluster datasets based on their cell of origin and
phenotype (D.S. and A.V., manuscript submitted). Our analysis of this integrated dataset demonstrated that
smad?2 gene was greatly up-regulated in low-grade MDS CD34* cells compared with normal cells (
Figure 1D, P < .001). This result is based on other independent studies and confirms our histologic
findings, while offering further evidence of overactivated TGF-f signaling in a large number of MDS
samples.

Down-regulation of TGF B receptor | can inhibit smad2 activation in hematopoietic cells and stimulate
MDS hematopoiesis

Because smad? is phosphorylated by TGF-beta receptor | kinase (alk5 kinase, TBRI), lentiviral vectors
containing shRNA targeting TBRI were developed (Eigure 2A) to determine the biologic role of TGF-
smad2 pathway activation in MDS hematopoiesis. The anti-TBRI-shRNA was successfully able to inhibit
TBRI expression compared with scrambled control in hematopoietic (K562) and bone marrow stromal
(HS-5) cell lines with stable expression of GFP* lentiviral construct (Figure 2B). Down-regulation of
TBRI also led to inhibition of TGF-mediated smad2 activation (Eigure 2C), demonstrating a functional
level of TBRI inhibition with the sShRNA. Further functional validation showed that introduction of anti—
TBRI-shRNA in primary CD34" hematopoietic progenitors led to their resistance to TGF-p-mediated

+
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suppression of erythroid colony formation (Eigure 2D). Hematopoietic progenitors with GFP  TBRI-
shRNA expression also formed bigger colonies, again demonstrating resistance to TGF-B-mediated
antiproliferative signals (Eigure 2E).

After demonstrating TBRI as a functionally important mediator of TGF-smad2 signaling, we expressed
anti-TBRI-shRNA in 5 primary MDS bone marrow patient samples and performed clonogenic assays in
methycellulose. Three patients belonged to RCMD subtype, and 1 each belonged to RA and RAEB
subtype. The patient with RAEB had moderate marrow fibrosis. All MDS samples demonstrated an
increase in erythroid and myeloid colony formation after anti-TBRI-shRNA expression compared with
scrambled control, demonstrating an important functional role of this kinase in hematopoietic suppression
seen in MDS (Eigure 2F).

SD-208 is an effective and functionally active inhibitor of TGF-B signaling in hematopoietic cells

Having demonstrated an important role of TBRI in TGF-smad signaling in hematopoiesis, we next wanted
to test the efficacy of SD-208, a novel small molecule pyridopyrimidine inhibitor of TBRI. We first
demonstrated that SD-208 was able to potently inhibit smad2 activation in myeloid hematopoietic cell lines
KG-1 and K562 as well as in erythroid progenitors derived from primary BM CD34 cells (Figure 3A-C).
Because the bone marrow microenvironment plays an important role in cytokine signaling and production
in bone marrow failure states, we next tested the efficacy of SD-208 in human bone marrow stromal cells.
SD-208 was also able to effectively inhibit TGF-smad2/3-mediated gene transcription in the bone marrow
stromal cell line, HS-5. (Eigure 3D) Furthermore, functional testing revealed that SD-208 was also able to
abrogate the suppressive affects of TGF- on primary human CD34 proliferation (Eigure 4A). These
effects were dependent on its ability to block TGF-mediated GO/G1 cell-cycle arrest in these hematopoietic
progenitors (Figure 4B,C). Gene expression analysis also supported these findings by demonstrating that
cell- cycle progression proteins were not down-regulated by TGF-f in the presence of SD-208 (Table 1).
Immunoblotting validated these microarray finings (Eigure 4E), thus demonstrating the functional ability of
TBRI inhibitor in reversing TGF-mediated actions in hematopoiesis.

TBRI inhibition can improve anemia in a model of bone marrow failure

To further examine the effects of TGF-f3 on bone marrow function, we evaluated the hematopoietic effects
of constitutive TGF secretion in a transgenic mouse expressing a fusion gene (Alb/TGF) consisting of
modified porcine TGF-3 cDNA under the control of the regulatory elements of the mouse albumin gene.ﬁ
We determined that these mice become anemic at an early age (3 weeks), and histologic examination of
their bone marrows reveals dysplastic megakaryocytes and focal marrow reticulin fibrosis, features
commonly seen in human bone marrow failure states such as MDS (Figure 5A,B). These mice were used
to determine the specificity and efficacy of SD-208 in an in vivo setting. Mice were randomized into
treatment or placebo groups on the basis of pretreatment hematocrits. Blood counts were measured after 14
days of oral administration of SD-208 or vehicle. TBRI inhibitor treatment led to significant increase in
hematocrit in these mice, demonstrating the specificity of SD-208 in inhibiting TGF-p signaling. (Eigure 5
C). Furthermore, bone marrow progenitors of treated mice showed increased erythroid and myeloid colony
forming ability compared with placebo control, thus demonstrating the efficacy of the TBRI inhibitor in
rescuing hematopoietic activity in vivo (Eigure 5D).

Pharmacologic inhibition of TBRI kinase can stimulate MDS hematopoiesis

Finally, we tested the ability of SD-208 in vitro in 15 MDS bone marrow samples. Most of the patients had
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low-grade MDS and did not have increased blast counts (Table 2). Mononuclear cells were grown in
methylcellulose with cytokines in the presence and absence of various doses of SD-208. Consistent with
results seen with siRNAs, treatment with the TBRI inhibitor (Eigure 6) resulted in a significant increase in
erythroid (BFU-E) and myeloid (CFU—granulocytic monocytic) colony numbers (Eigure 6A) These results
point to a high therapeutic potential of TBRI inhibition in low-grade MDS.

Discussion

Progress in the discovery of disease-selective treatments for MDS has been challenged by the limited
insight into molecular pathogenesis of the ineffective hematopoiesis seen in these disorders. Our work has
shown that TGF-smad2 pathway is commonly overactivated in a variety of subtypes of MDS. Inhibition of
the TGF-P receptor I kinase (TBRI) blocks smad2 activation and promotes MDS hematopoiesis in vitro,
suggesting that TGF-B—smad?2 signaling pathway is a functionally important inhibitory pathway in MDS.

Transforming growth factor—beta (TGF-f3) is an important physiologic regulator of cell proliferation and
differentiation.*L TGF-B has been shown to affect both early and late stages of hematopoiesis and
generally leads to suppressive effects on erythroid and myeloid cell proliferation®! Deregulation of TGF-p
signaling has been implicated in a variety of carcinogenesis and metastasis models, illustrating an
important biologic role in oncogenesis. Because MDS is a preleukemic condition characterized by
dysplastic hematopoiesis, earlier studies have also examined the role of TGF-f in this disease. Most reports
to date have relied upon immunohistochemical detection of TGF-f in patient bone marrows or
measurement of TGF-f levels in patient plasma. Some of these studies showed increased TGF-f3 in
MDS,1%-13 whereas some did not observe any correlation.24-1Z As local concentrations of cytokines can be
more informative than serum concentrations and immunohistochemical detection of cell surface proteins in
bone marrow sections has technical limitations, we focused our studies on direct evaluation of nuclear
smad2 phosphorylation in MDS bone marrows. Smad2 activation and nuclear translocation are specific and
accurate markers of TGF-P} signaling, and Smad2 up-regulation occurs with sustained TGF-3 signaling.
Thus, our results are the first to directly show evidence that TGF-f signaling is a common pathway
activated in MDS and indicate that a downstream signaling biomarker can identify a valid therapeutic
target.

Because MDS is a heterogeneous disease, we validated our findings in a larger number of MDS samples.
We devised a meta-analytic approach using publicly available gene expression data to test our hypothesis.
Recent publications have concluded that microarray data generated in different laboratories and different
platforms can be compared after adequate integration and normalization.22-2Z Qur database covered 6
independent studies223440 and provides further validation of our findings that is hard to achieve with
single-center studies in a complex disease such as MDS. We hope that creation of this database will also
help other MDS investigators.

Our findings are consistent with other work that has been done in defining molecular pathways in MDS.
Our earlier data demonstrated that cytokine signaling cascades such as p38 MAPK can be functionally
important in regulating hematopoietic failure in MDS.%8 It has also been shown that TGF-B can activate
p38 and other MAP kinase pathways.1241.42 Thus our earlier results can in part be explained by
overactivated TGF-f signaling in MDS. A recent clinical trial evaluating thalidomide in MDS observed
that patients with increased red cell counts after treatment had a significant decrease in TGF-f3 levels.2
Even though this was a small study it reinforces our findings, suggesting an important role of TGF-f3
signaling in ineffective hematopoiesis. In addition, our data point to a greater role of TGF-B—suppressive
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signaling in low-grade MDS. The bone marrow at this stage of the disease is hypercellular and is
characterized by increased rates of apoptosis. At this stage of the disease, both normal and cytogenetically
abnormal hematopoietic clones are found to exist in the marrow.22 With disease progression toward high-
risk stages, normal progenitors gradually diminish, resulting in a bone marrow composed mainly of the
resistant abnormal clones with an increased percentage of myeloblasts. These observations in combination
with our data may allude to a pathogenic role of TGF-J signaling in suppressing hematopoiesis in normal
clonal progenitors in low-grade MDS. As preponderance of leukemic clones seen in higher grade MDS is
characterized by relative resistance to suppressive effects of TGF-p,21:21-22 the therapeutic efficacy of
TBRI inhibitors may be greater in low-grade disease subtypes.

Ineffective hematopoiesis is the cause of most of morbidity in patients with low-risk MDS. Two-thirds of
all MDS cases are at the low-risk stage, have a lower chance of progressing to leukemia, and suffer
problems mainly associated with low blood counts. Thus strategies aimed at raising blood counts are
needed at this stage. The erythroid lineage is the most commonly affected hematopoietic lineage in MDS.
TGF-p has recently been shown to regulate both primitive and late stages of erythropoiesis.2* by distinct
molecular processes. After smad2/3 phosphorylation by the TBRI kinase, these proteins associate with
partner smads and other proteins to bind distinct DNA sequences and regulate different biologic functions.
It has recently been shown that smad2-smad4 complex enters the nucleus and negatively regulates
suppression of primitive erythropoiesis, whereas the smad2-TIFy complex can regulate late stages of
erythroid differentiation.2 Thus TBRI-dependent smad2 overactivation in MDS can affect different facets
of erythropoiesis and can be abrogated by inhibition of the alk5 kinase.

In addition to MDS, TGF-p has also been implicated in the pathobiology of idiopathic myelofibrosis
(IMF). Due to the fibrogenic actions of TGF-f3, oversecretion of this cytokine has been correlated with
marrow fibrosis seen in IMF.2228 |n addition, myelofibrosis seen after thrombopoietin overexpression in
mice can be abrogated by depletion of TGF-B1 by a soluble receptor, suggesting that TGF-3 secretion is
an important downstream effector of marrow fibrosis in various cytokine-induced models of hematopoietic
failure.2L These data coupled with our findings provide a rationale for using inhibitors of TGF-3 signaling
(including TBRI inhibitors) in other bone marrow failure syndromes. TBRI selectively participates in TGF-
B signaling, whereas other activin-like and TGF-3 receptors can also participate in BMP and activin ligand
signaling®228 and thus provide selective therapeutic efficacy. SD-208 is a selective 2,4-disubstituted
pteridine-derived TGF-BRI kinase inhibitor23-22 that has demonstrated specificity for this kinase. In
addition, other TBRI inhibitors are in development2-:22 for various other indications such as chronic renal
diseases. Our findings provide a preclinical rationale for bringing these agents into clinical trials for MDS.
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smad2 is activated in MDS. Bone marrow (BM) biopsies from patients with MDS and controls with non-MDS causes

file:///C|/Users/ THERES~1/DOCUME~1/AA9D15~1.VER/articless2NEOPL~1.HTM[3/23/2016 12:33:38 PM]



Neoplasia: Inhibition of the TGF-p receptor I kinase promotes hematopoiesis in MDS

of cytopenias were fixed and immunostained with antibody against phospho-smad2 (A). Histologic examination reveals
more intense staining in MDS samples. Eight representative samples of MDS and controls are shown in panel A. The
quantification of p-smad?2 staining was analyzed by counting the total number of positively stained cells (B) and by
measuring intensity of the positively stained cells (C) in 5 hot fields (which is defined as area of high density of p-p38
staining) and aided by Image Pro Plus (Nikon, 400x). Two-tailed t test shows significantly higher smad2 activation/field
in MDS samples. Differences in smad2 expression were also evaluated in normalized meta-analysis of MDS CD34" (69
cases)— and normal CD34* (57 cases)—cell-derived gene expression microarray studies. Smad2 gene expression was
significantly up-regulated in low-grade MDS bone marrow CD34™ cells (2-tailed t test) (D). Error bars represent SEM.
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Down-regulation of TGF beta receptor | (TBRI) can inhibit smad2 activation in hematopoietic cells and stimulate
MDS hematopoiesis. GFP-expressing lentiviral-based shRNA against TBRI (A) was used to knock down TBRI in
hematopoietic cells. gPCR shows decrease in TBRI mRNA expression after lentiviral ShRNA-TBRI infection in bone
marrow stromal (HS-5) and leukemia cells (K562) compared with scrambled control (B). K562 cells with stable
expression of TBRI-shRNA lentivirus show decreased smad2 phosphorylation after TGF stimulation (C). Primary CD34"*
progenitors were electroporated with GFP coexpressing anti-TBRI-shRNA construct and sorted after 48 hours. GFP-
positive cells were grown in methylcellulose with cytokines, and erythroid colonies were counted after 14 days. TBRI-
shRNA—transfected progenitors were less inhibited by TGF-3 compared with cells transfected with scrambled control
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shRNA (31% colonies/control vs 16% colonies/control). Expressed as means (£ SEM) of 4 independent experiments (P
= .03, 2-tailed t test) (D). CD34" cells transfected with anti—-TBRI-shRNA also formed bigger colonies in the presence of
TGF-B1 compared with controls (E; Nikon, 40x). Primary bone marrow—derived mononuclear cells from 5 patients with
MDS were transfected with sShRNA targeting TBRI and control, and equal numbers of cells (for each individual patient)
were grown in methylcellulose with cytokines. Erythroid (BFU-E) and myeloid (CFU-GM) colonies were counted after
14 days of culture and demonstrated an increase after anti-TBRI-shRNA transfection (significance between means
calculated by 2-tailed t test) (F).

Figure 3
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SD-208 is an inhibitor of TGF-§ signaling in hematopoietic cells. Leukemic cells (K562 and KG-1) and primary
hematopoietic progenitors at the colony-forming unit—erythroid stage of maturation (CFU-E) were treated with TGF-1
(20 ng/mL) in the presence and absence of SD-208 (.5 uM) and assessed for smad2 phosphorylation by immunoblotting.
SD-208 pretreament (1 hour) led to attenuation of activation/phosphorylation of smad2 (A-C). Bone marrow stroma-—
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derived cells (HS-5) were transfected with plasmids expressing smad binding 3TP-luciferase and B-galactisidose
(transfection control) and stimulated with TGF-B1 in the presence and absence of SD-208 (dose .5 uM). TGF-B1—
induced control-normalized luciferase activity was potently inhibited by SD-208. A kinase-null mutant of TGF-f} receptor
I (TBRI-KR) was used a positive control (D). Error bars represent SEM.
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TBRI inhibition can inhibit TGF-p-mediated cell-cycle arrest of CD34* cells. Equal numbers of BM CD34™ cells
were grown in the presence of SCF, TPO, and FLT-3L and were pretreated with DMSO or 0.5 uM SD-208 for 1 hour
before TGF-B1 (0.5 ng/mL final concentration) was added. On days 3, 5, and 7, cell aliquots were taken and viable cell
concentration was determined using Guava ViaCount. The experiment was repeated at least 3 times (using multiple
donors of CD347 cells) and means plus or minus SEM is shown (A). CD34" cells were treated with DMSO or SD-208
in the presence or absence of TGF-B1 for 7 days. Cell-cycle distribution of CD34™ cells (gated with PE-conjugated
CD34 antibody) was determined on day 7 using the APC BrdU Flow Kit and the LSR-II flow cytometer (BD
Biosciences; B; representative sample, C). Error bars represent SEM. CD34* cells were treated with DMSO or SD-208
in the presence or absence of TGF-B1 as described above. After 24 hours, cDNA was prepared and hybridized on a
cDNA microarray. Selected cell-cycle progression genes that were down-regulated by TGF-f by 2-fold were validated at
the protein level by Western blotting. CD34% cells were treated with DMSO or SD-208 in the presence or absence of
TGF-PB1 as described above. Cells were collected at the indicated time points and lysed in radioimmunoprecipitation
assay (RIPA) buffer. Equal protein was separated on a 10% Bis-Tris sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gel and transferred to nitrocellulose membrane and immunoblotted with the antibodies (D).
GAPDH levels were used as protein loading controls, and p-smad2 was used as positive control for TGF-B1 stimulation.

Table 1
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Cell-cycle progression genes down-regulated by TGF-3

Clone ID

P01125_GO01
P01066_F04
P01091_DO07
P01108_D07
P01077_E02
P01093_D10
P01113_A07
P01071_H02
P01071_E06
P01102_D08

TGF-B1 (24 h)  SD-208 plus TGF-B1 (24 h) Symbol Name
-2.3 1.8 CDC2 Cell division cycle 2
-2.6 2.0 CDC6 Cell division cycle 6
-2.0 2.2 CDC7 Cell division cycle 7
-2.0 1.9 CDC45L Cell division cycle 45-like
-3.0 2.2 CCNA2 Cyclin A2
-1.9 1.9 CCNE1 Cyclin E1
-2.1 2.0 CCNE2 Cyclin E2
-2.3 2.1 PCNA  Proliferating cell nuclear antigen
-1.9 2.0 RFC3 Replication factor C3
-2.1 1.8 E2F1 E2F transcription factor 1

*Fold change of gene expression over control unstimulated CD34* cells.

Figure 5
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SD-208 can improve anemia in a murine model of TGF-B1-driven bone marrow failure. Mice transgenic for
alb/TGF-B were killed at 8 weeks of age and their bone marrows were stained for histology (hematoxylin and eosin and
reticulin stain). Transgenic mice demonstrated dysplastic micromegakaryocytes and patchy fibrosis. (A) Blood counts
were analyzed at 3 weeks by Advia (Bayer) counter, and alb/TGF* transgenic mice were found to be significantly
anemic compared with WT controls (n = 4; means + SEM; Nikon, 40x) (B). alo/TGF* mice were treated with either SD-
208 (30 mg/kg per day) or vehicle (placebo, daily) by gastric lavage for 14 days. Blood counts were done on the 14th
day and revealed a significant rise in hematocrit after SD-208 treatment (C). The mice were killed and bone marrow
cells were plated in methylcellulose with Epo (for BFU-E colonies) and IL-3, IL-6, and SCF (for CFU-GM colonies).
SD-208 treatment led to a significant increase in both erythroid and myeloid colony-forming potential compared with
placebo (n = 8; means + SEM; 2-tailed t test; D).

Table 2

Patient characteristics

Age, y/sex WBC count, ><109/L Hgb level, g/dL  PlIt count, x109/L Cytogenetics Path  IPSS Risk

89/M 4.6 9.2 169 N CMML O Low
71/M 3.9 8.1 154 N RA 0 Low
76/M 6 7 137 N RA 0 Low
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55/M 3.4 10 146 N RA 0 Low
69/M 2.1 9.6 120 N RCMD 05 Int-1
65/M 24 10.8 90 N RCMD 05 Int-1
58/M 3 12 106 N RA 0.5 Int-1
88/M 2.4 8.3 155 N RCMD 05 Int-1
77/IM 2 12 174 N RCMD 05 Int-1
76/M 52 9.4 41 t(11:14) RCMD 1 Int-1
70/M 4.7 12 20 del 20q RAEB 1 Int-1
78/M 0.6 6 30 del 16 (g22) RCMD 15 Int-2
48/F 52 8.4 95 —1q,—11q RAEB 15 Int-2
73/IM 1.2 9.4 88 —20q, is0 179 RCMD 2 Int-2
65/F 3.1 8.3 54 N RAEB 15 Int-2

WABC indicates white blood cell; Hgb, hemmoglobin; PIt, platelet; Path, pathological condition; and
CMML, chronic myelomonocytic leukemia

Figure 6
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TBRI inhibition stimulates hematopoiesis in MDS. MDS bone marrow—derived MNCs from 15 patients were plated in
methylcellulose and cytokines in the presence and absence of TBRI inhibitor SD-208 (100 nM and 200 nM). Colonies
were scored at day 14 and results were expressed as means (£ SEM) of 15 independent experiments.

Articles from Blood are provided here courtesy of American Society of Hematology
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Key Points

« We observed that SMAD7, a negative regulator of TGF-f3 receptor-I kinase, is markedly reduced in
MDS, and leads to ineffective hematopoiesis.

« Increased levels of microRNA-21 are seen in MDS and reduce SMIAD7 levels, thus overactivating
TGF-f signaling.

Abstract

Myelodysplastic syndromes (MDS) are characterized by ineffective hematopoiesis that leads to peripheral
cytopenias. We observed that SMAD7, a negative regulator of transforming growth factor—beta (TGF-3)
receptor-1 kinase, is markedly reduced in MDS and leads to ineffective hematopoiesis by overactivation of
TGF-p signaling. To determine the cause of SVIAD7 reduction in MDS, we analyzed the 3'UTR of the gene
and determined that it contains a highly conserved putative binding site for microRNA-21. We observed
significantly elevated levels of miR-21 in MDS marrow samples when compared with age-matched
controls. miR-21 was shown to directly bind to the 3'UTR of SMAD7 and reduce its expression in
hematopoietic cells. Next, we tested the role of miR-21 in regulating TGF-J signaling in a TGF-—
overexpressing transgenic mouse model that develops progressive anemia and dysplasia and thus serves as
amodel of human bone marrow failure. Treatment with a chemically modified miR-21 inhibitor led to
significant increases in hematocrit and led to an increase in SMIAD7 expression in vivo. Inhibition of miR-
21 aso led to an increase in erythroid colony formation from primary MDS bone marrow progenitors,
demonstrating its ability in stimulating hematopoiesis in vitro. Taken together, these studies demonstrate
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miR-21 mediates hematopoietic suppression in MDS by activating TGF-f signaling

the role of miR-21 in regulating overactivated TGF- signaling in MDS.

Introduction

The myelodysplastic syndromes (MDS) are clonal stem cell disorders characterized by cytologic dysplasia
and ineffective hematopoiesis. 23 Although approximately one-third of patients disease may progress to
acute leukemia, refractory cytopenias are the principal cause of morbidity and mortality in patients with
MDS.2 In fact, approximately two-thirds of patients present with lower-risk disease characterized by
hypercellular marrows, with increased rates of apoptosis in the progenitor and differentiated cell
compartments in the marrow.28 Ineffective hematopoiesis arising from abortive maturation leads to
peripheral cytopenias. Higher grade or more advanced disease categories are associated with a significant
risk of leukemia transformation with a corresponding lower apoptotic index and higher percentage of
marrow blasts.

Cytokines play important roles in the regulation of normal hematopoiesis, and a balance between the
actions of hematopoietic growth factors and myelosuppressive factors is required for optimal production of
different hematopoietic cell lineages. Excess production of inhibitory cytokines amplifies ineffective
hematopoiesis inherent to the MDS clone. Transforming growth factor-beta (TGF-f) is a myelosuppressive
cytokine that has been implicated in the hematopoietic suppression in MDS. The plasma levels of TGF-f3
have been reported to be elevated in some2 13 but not all studies®1/ and are supported by greater TGF-p
immunohistochemical staining in selected studies. Conflicting data may arise from technical limitations of
bone marrow immunohistochemical analyses of a secreted protein, as well as the biological heterogeneity
of the disease itself. Thus, we investigated the role of TGF- in MDS by direct examination of receptor
signal activation to conclusively determineits role in the pathogenesis of ineffective hematopoiesisin
MDS. We determined that the SMAD?2 is upregulated and overactivated in MDS bone marrow progenitors,
thereby demonstrating sustained TGF- signal activation in this disease. Because there is conflicting data
about upregulation of extracellular TGF-f levels in MDS, we next sought to determine the molecular basis
of TGF-P receptor-I overactivation and subsequent SMAD2 phosphorylation/activation in this disease. We
observed that SVIAD7, a negative regulator of TGF-f receptor-I kinase, is markedly decreased in MDS and
this leads to overactivation of TGF-J3 signal transduction, even in the absence of increased levels of
extracellular TGF-PB.18 Thus, we wanted to focus on the molecular alterations that lead to SVAD7 reduction
in MDS. In the present study, we were able to show that miR-21 is increased in MDS, binds to the 3'UTR
of the SMIAD7 gene, and leads to consequent upregulation of the TGF- pathway in MDS. We were also
able to show that inhibition of this microRNA is able to abrogate TGF-f signaling both in vitro and in vivo
and stimulates hematopoiesis in MDS.

Materials and methods

Cells lines and reagents

Human CD34+ cells were isolated from the bone marrow of normal or MDS patients after obtaining
informed consent in accordance with the Declaration of Helsinki and approval by the institutional review
board of Albert Einstein College of Medicine. Bone marrow CD34+ cells from various normal donors were
also obtained from AllCells (Emeryville, CA). HS-5 cell line (CRL-11882) was purchased from ATCC
(Manassas, VA). TGF-B1 was bought from R&D Systems (Minneapolis, MN). The phos-SMAD2
($465/467) and actin antibodies were from Cell Signaling Technology (Beverly, MA), and SMAD2
antibody was from Invitrogen (Carlsbad, CA), SMAD7 antibody was from ABcam (Cambridge, MA).
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Locked nucleic acid (LNA)-modified miR-21 inhibitor was provided by Exiqgon (Woburn, MA).

Cell lysis and immunoblotting

Cellswere lysed in phosphorylation lysis buffer as previously described.12 Immunoblotting was performed
as previously described. 2

Gene expression analysis

Gene expression data were obtained from 183 MDS CD34+ cells and 17 controls.22 Clinical information
for the cases was provided by the authors. SMAD7 and SMAD2 expression was represented as box plots
using R statistical software.

gPCR for miR-21

Quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) was done for miR-21 and
endogenous control, RNU44, on MDS and age-matched control bone marrow mononuclear cells (MNCs)
after obtaining informed consent approved by the institutional review board of Moffitt Cancer Center.
Reverse-transcriptase reactions and real-time PCR were performed on Applied Biosystems Real - Time PCR
instruments (Applied Biosystems, Foster City, CA) according to the manufacturer’s protocols as described
elsewhere. 2122

Murine experiments

TGF-B1 transgenic mice expressing a fusion gene (Alb/TGF) consisting of modified porcine TGF-f1
cDNA under the control of the regulatory elements of the mouse albumin gene?2 were used under animal
institute—approved protocol. Mice were given LNA miR-21 inhibitors (Exigon) at a dose of 25 mg/kg given
intraperitoneally on alternate days for a total of 5 doses. Mismatched oligos were used as controls at
similar doses. Blood counts were analyzed by Advia machine (Siemens, Princeton, NJ).

SMAD7 gene reporter assay

HS-5 cells were plated in 6-well plates 24 hours before transfection. Cells were transfected in triplicate
with SuperFect (Qiagen, Alameda, CA) according to the manufacturer’ s instructions.2% To generate
SMAD?7 3'UTR mutants containing mutations in the conserved miR-21 binding site, site-directed
mutagenesis was performed using the wild-type 3'UTR as the template. In the 3'UTR mutant, the
nucleotide sequence complementary to nt 2-5 of miR-21 was mutated to the same sequence as that in miR-
21 (from AGCT to TCGA). Luciferase reporters containing wild-type and mutant 3'UTR of SMAD7 gene
were used for transfection with Pre-miR miR-21 precursors (Ambion, Invitrogen) or controls (30 nM). The
generation of wild-type and mutant constructs has been described previously.22 Cells were harvested 24
hours later in reporter lysis buffer, and luciferase and renilla activities were determined using Dual
Luciferase System (Promega, Madison, WI).

mMiR-21 overexpression

A plasmid-encoding miR-21 and green fluorescent protein (GFP) in the pMIF-cGFP-Zeo lentiviral vector
(Systems Biosciences, Mountain View, CA) was introduced into cells by nucleofection. The empty pMIF-
cGFP-Zeo vector, encoding only GFP, was used as a negative control.

Hematopoietic progenitor cell assays
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Hematopoietic progenitor colony formation was determined by clonogenic assays in methylcellulose, asin
our previous studies. 2228 Al| participants in the study signed informed consent, approved by the
institutional review board of Albert Einstein College of Medicine. Granul ocyte/macrophage colony-
forming units (CFU-GM) and erythroid burst-forming units (BFU-E) from bone marrow samples were
scored on day 14 of the culture.

Fluorescence in situ hybridization

After 14 days of methylcellulose culture, cells were isolated from the plates and cytospun on microscopic
dides. The cells on the slides were fixed in Carnoy’s solution. The following dual color probes (Abbott
Molecular, Abbott Park, IL) were used to detect 7q deletions and 5q deletions: LSI D7S522 (7931)
SpectrumOrange/CEP7 SpectrumGreen, EGR-1 SpectrumOrange/D5S721/D5S23 SpectrumGreen.
Fluorescence in situ hybridization was performed according to the manufacturer’ sinstructions. Cells were
counterstained with 4'6-diamidino-2-phenylindole and examined on a Zeiss Axioplan 2 fluorescence
microscope (Zeiss, North Chesterfield, VA).

Results

SMAD?7 is reduced in bone marrow progenitors in MDS

SMAD?7 is a negative regulator of the TGF-f signaling pathway and inhibits the activity of the TGF-3
receptor-1 kinase. We analyzed the expression of SVIAD7 in a large gene expression dataset obtained from
bone marrow CD34+—selected samples from MDS patients?® We found that SMAD?7 is significantly
reduced in these samples when compared with healthy controls (Eigure 1, mean log2 expression 8.31in
controls vs 6.32 in MDS samples, false discovery rate < 0.1, Benjamin Hochberg correction multiple
testing, Student’ s t-test < 0.001). Furthermore, SMIAD2, the effector SMAD protein for TGF- signaling
was found to be increased in the same samples (Eigure 1B, mean log2 expression 8.4 in controlsvs 8.8 in
MDS samples, false discovery rate < 0.1, Benjamin Hochberg correction multiple testing, Student’s t-test <
0.001), demonstrating the sustained activation of TGF-f pathway in these samples. Subset analysis
revealed striking SMAD7 reduction in all subsets of MDS examined (Eigure 1A). Correlation of SMAD7
levels with clinical parameters did not reveal any associations with age, sex, or cytogenetics, revealing it to
be a pervasive finding in MDS.

microRNA-21 is increased in MDS and has a putative binding site on the SMAD7 3'UTR

microRNAs have been implicated in the pathogenesis of cancer2” and have also recently been shown to be
dysregulated in cases of MDS.ZL To evaluate whether any of these aberrantly expressed microRNAs could
target SMIAD7, we evaluated the 3'UTR of the transcript and found putative binding sites for various
microRNASs (Eigure 2A). miR-21 was found to have a highly conserved binding site in the 3'UTR of
SMAD7 and was also one of the microRNAs aberrantly expressed in a genome-wide analysis of 41 MDS
samples (Figure 2B).2! Thus, we evaluated the expression of miR-21 in primary MDS bone marrow
samples (N = 19; 10 low-risk, 9 high-risk MDS, supplemental Table 1) by quantitative RT-PCR and
compared it with age-matched controls (N = 13). miR-21 levels were significantly increased in MDS when
compared with controls, and the mean expression was more than fourfold higher (Student’ s t-test, P = .03)
(Eigure 2C). Both lower-risk MDS (low and Int-1 International Prognostic Scoring System) and higher-risk
MDS (Int-2 and high International Prognostic Scoring System) had significantly higher expression when
compared with controls (Student’ s t-test, P < .05).
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miR-21 binds directly to 3'UTR of SMAD?7, reduces the expression of SMAD7, and inhibits erythroid
colony formation

We next wanted to determine whether miR-21 expression can decrease SMIAD7 expression and whether
this effect is caused by direct interaction of miR-21 with the SMAD7 3'UTR. A luciferase reporter
containing the 3'UTR segment containing predicted microRNA interaction sites was used to analyze the
effect of miR-21 on SMIAD7 gene transcription in bone marrow stromal HS-5 cells. The nucleotide
sequence complementary to nts 2—5 of miR-21 binding site in the 3'UTR of SMAD7 was mutated to the
same sequence as that in miR-21 (from AGCT to TCGA)22 (Figure 3A). Dual luciferase activity was
measured and showed decreased SMAD7 luciferase activity caused by expression of miR-21 compared
with cells transfected with control mimics. This was abrogated by mutation in its binding site on the UTR
(Student’ st-test, P =.001), demonstrating a direct effect of miR-21 on the 3'UTR of SMAD7 (Eigure 3A).

Subsequently, the effect of miR-21 on SMIAD7 expression was tested by using a chemically modified LNA
inhibitor that led to decreased levels of miR-21 transcripts (Figure 4A) when compared with mismatched
control. We observed that inhibition of miR-21 led to an increase in SVIAD7 protein expression in
leukemic cell lines and in primary MDS patient samples (Eigure 4B). Inhibition of miR-21 also led to
decreased phosphorylation/activation of SMAD2 in a MDS patient sample (Eigure 4C). Next, we tested the
functional role of miR-21 in regulating the effects of TGF-3 on normal hematopoiesis and the role of
SMAD?7 in regulating these effects. CD34+ cells were transfected with shRNAs against SMAD7 and
controls as performed previously,18 sorted for GFP expression, and then treated with TGF-p in the
presence and absence of the miR-21 inhibitor. We observed that miR-21 inhibition was able to abrogate the
inhibitory responses of TGF-f3 on erythroid colony formation from primary human CD34+ stem cells that
were transfected with scrambled control shRNAs (Eigure 4D). This effect was not seen in cells transfected
with shRNAs against SMAD7.

Furthermore, we also overexpressed miR-21 in separate experiments by using lentiviral vector-encoding
miR-21 precursors (pMIF-cGFP-Zeo), along with a control vector that expressed only GFP.
Overexpression of miR-21 led to decreased SVIAD7 protein levelsin leukemic cells (Eigure 4E) and led to
quantitative and qualitative reduction in erythroid colony formation from primary CD34+ cells (

Figure 4F-G). Taken together, these data demonstrate that miR-21 potentiates TGF-f signaling in
hematopoietic cells via downregulation of SMAD?7.

Inhibition of miR-21 can improve anemia in a model of TGF-B—driven bone marrow failure

To test the role of miR-21 in regulating TGF-p signaling in vivo, we used chemically modified inhibitors
of miR-21 and tested them in a transgenic mouse expressing a fusion gene (Alb/TGF) consisting of
modified porcine TGF-3 cDNA under the control of the regulatory elements of the mouse albumin gene.g’
We have shown that these mice constitutively secrete TGF-f, become anemic, and have histologic marrow
findings that mimic human MDS, thus serving as an in vivo model of bone marrow failure.2 These mice
were randomized into a treatment or placebo group on the basis of pretreatment hemotocrit levels. Blood
counts were measured after administration of miR-21 inhibitor or control. miR-21 inhibitor treatment led
to increased expression of SMAD7 and inhibition of constitutive SMAD2 activation in murine bone marrow
(see Eigure 5C). Mice treated with miR-21 inhibitor had a significant increase in hematocrit (Figure 5A)
and were able to form more erythroid colonies from marrow-derived cells (Eigure 5B) when compared
with control (Student’s t-test, P < .05). These results demonstrate the role of miR-21 inhibition in
inhibiting TGF-f signaling in vivo.
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Inhibition of miR-21 can stimulate MDS hematopoiesis

Finally, we tested the ability of chemically modified (LNA) miR-21 inhibitor in vitro in 5 primary MDS
bone marrow samples. These included different subtypes of MDS (Table 1). Mononuclear cells from the
bone marrow were grown in methylcellulose with cytokines in the presence of miR-21 inhibitor and
control. Treatment with the miR-21 inhibitor resulted in a significant increase in erythroid (BFU-E) colony
numbers in al patients (results depicted as meansin Figure 6A and Table 1). miR-21 inhibitor treatment
did not result in any significant increase in colony formation from healthy controls (Eigure 6B). Karyotypic
analysis of colonies from 2 MDS samples revealed a reduction in percentage of cells, with cytogenetic
aterations in miR-21 inhibitor—treated cells when compared with controls (20% in treated vs 29% in
controls for 5g- deletion; 3% in treated vs 11% in controls for 7g- deletion). In addition to confirming the
findings from our studies in mice, these results point to the potential stimulatory effect of miR-21
inhibition on MDS hematopoiesis.

Discussion

The discovery of effective treatments for MDS has been challenged by the limited insight into molecular
pathogenesis of the ineffective hematopoiesis seen in these disorders. Even though TGF-f levels have been
shown to be elevated in a subset of MDS cases, our previous work has shown that intracellular signaling is
activated in a large proportion of cases. Furthermore, we demonstrated that SMAD7 downregulation may be
the key mechanism driving the suppression of hematopoiesis in MDS via overactivation of the
TGF-SVMAD2 pathway. This would also explain increased TGF-f3 signal transduction even in the absence
of large amounts of circulating TGF-B that have been observed in various studies in MDS patients. 241 In
the present study, we determined the reasons for downregulation of SIAD7 in MDS and observed that
miR-21 can bind to the 3'UTR region of the SVIAD7 gene, reduce its expression, and potentiate TGF-f3
signaling in hematopoietic cells. Furthermore, inhibition of miR-21 can stimulate hematopoiesis in vitro
and in vivo, thus demonstrating a critical role of this microRNA in regulation of myelosuppresive

pathways in MDS.

SMADY7 is an important regulator of TGF- signaling and its dysregulation has been implicated in many
disease and cancer models.22 Genome-wide association studies have shown that polymorphismsin the
SVIAD7 gene are some of the most significant genetic alterations2? in colorectal cancer. A recent study
showed that decreased SMAD?7 is also seen in idiopathic pulmonary fibrosis and contributes to TGF-p—
mediated fibrosis seen in this disease.22 Our study demonstrates that SMAD7 reduction is seen in a large
number of MDS samples and points to its role in hematopoietic failure seen in this disease. The bone
marrow at earlier stages of MDS is hypercellular and is characterized by ineffective hematopoiesis
affecting both stem and progenitor cells. Because TGF- is a critical regulator of hematopoiesis and affects
both proliferation and differentiation of stem cells, 2 an aberrant increase in TGF-p signaling can
potentially explain the changes seen in MDS.

There could be many possible reasons for SMIAD7 reduction in MDS. Even though the deletion of
chromosome 18/18q, where the SMAD7 gene is located, was noticed to be a common deletion in MDS,22 it
isonly seen in a small proportion of patients with the disease. Furthermore, even though splicing mutations
have recently been discovered in MDS,22 it is possible that splicing abnormalities can also affect SMAD7
transcripts, even though this information is not yet available. Because microRNAS are important regulators
of genes, we decided to examine miR-mediated degradation of SMAD7 in MDS. We were able to show
that miR-21 directly binds to the SMAD7 3'UTR region and regulated TGF-p signaling. miR-21 has been
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well studied in cancer and has been shown to influence a variety of targetsincluding PTEN, PLAGL, and
NFIB among others. A recent study demonstrated that miR-21-mediated degradation of SMAD7 was seen
in pulmonary tissue and led to increased TGF-p—mediated fibrosis in idiopathic lung fibrosis.22 We show
that this phenomenon can be seen in a hematologic disease and can explain the reduced SMAD7 levels
seen in bone marrow progenitors. Our findings also raise the question of why miR-21 isfound to be
upregulated in MDS. In recent studies, the miR-21 gene locus has been shown to contain STAT3 binding
sites.34 Furthermore, STAT3 has also been shown to directly lead to miR-21 upregulation in immune
cells.2 Our genomic analysis of hematopoietic stem cells in MDS demonstrated that STAT3 is selectively
upregulated in these cells. Thus, it is possible that this leads to miR-21 upregulation seen by us in MDS that
in turn enhances TGF-f signaling that leads to ineffective hematopoiesis.

Most importantly, our results demonstrate that the activation of the TGF-3 pathway by SMAD7 reduction
in MDS can be abrogated by miR-21 inhibition both in vitro and in vivo. Ineffective hematopoiesis and
anemia cause most of the morbidity in patients with MDS. Two-thirds of all MDS patients are at the low-
risk stage of disease, have a lower chance of the disease progressing to leukemia, and have problems
associated primarily with low red blood cell counts. Because TGF-f has been specifically shown to
regulate both the early and late stages of erythropoiesis,2: miR-21 can be predicted to affect red cell
production in particular, as was seen in the present study. Thus, taken together our findings support the
exploration of miR-21 inhibitors in future preclinical and clinical studiesin MDS.
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SMADY7 expression is significantly decreased in MDS CD34+ cells. (A) SMAD7 expression in 183 samples of MDS
CD34+ cells and 17 healthy controls reveals reduction in all subsets of MDS. (false discovery rate < 0.1, Benjamin
Hochberg correction multiple testing). (B) SMAD2, the effector SMAD protein for TGF-f signaling, was found to be
increased in the same samples. (C) Heatmaps showing expression values for both genes. (The 5g- patients were a subset
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of the RA patient cohort.)

Figure 2
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mMiR-21 has a putative binding site on the SMAD7 3'UTR and is overexpressed in MDS. (A) Targetscan software
predicts a strong possibility of miR-21 binding site at position 1122 of the SMAD7 3'UTR with a highly conserved site.
(B) Microarray analysis of 41 untreated MDS marrow samples were compared with 10 age-matched controls2l and
demonstrate upregulation of miR-21 (mean intensity + SEM, Student’s t-test, P = .001). (C) Quantitative RT-PCR was
done for miR-21 and endogenous control, RNU44, on 19 MDS and 13 age-matched control bone marrow MNCs using
the Ambion Tagman miroRNA assay kit. MDS samples had significantly higher expression of miR-21 (* Student’s t-test,
P = .04). Both lower- and higher-risk MDS (low-risk MDS, N = 10, P value = .04; high-risk MDS, N =9, P = .03,
Student’ s t-test) had higher mean expression when compared with controls.

Figure 3
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mMiR-21 binds to SMAD7 3'UTR. (A) The nucleotide sequence complementary to nt 2-5 of miR-21 in the 3'UTR of
SMIAD7 was mutated to the same sequence as that in miR-21 (from AGCT to TCGA). (B) Luciferase reporters
containing wild-type and mutant 3’'UTR of the SMAD7 gene were used for transfection with control miRNA or miR-21
precursors into bone marrow stromal HS-5 cells. Dual luciferase activity was measured and shows decreased |uciferase
activity caused by miR-21 that is abrogated by mutation in its binding site on the UTR (Student’s t-test, P = .001)
compared with cells transfected with control mimics.
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Inhibition of miR-21 can abrogate the effects of TGF-p on hematopoietic cells. miR-21 levels were measured in
leukemic K562 cells after 48-hour treatment with LNA inhibitor of miR-21 and compared with mismatched control (mm
control). miR-21 transcripts were significantly decreased after LNA treatment (50 mM) as measured by quantitative RT-
PCR (mean + SEM of 2 experiments, Student’s t-test, P < .001). (B) SMAD7 protein expression is increased after miR-
21 inhibition (50 mM, 48-hour treatment) in HL-60, TF-1 cell lines and in leukocytes from 2 MDS patients, as shown by
immunoblotting. Actin was used as a protein-loading control. (C) miR-21 inhibitor treatment leads to decreased p-
SMAD2 in MDS leukocytes when compared with mismatched-control LNAs (50 mM). (D) Primary CD34+ progenitors
were nucleofected with GFP coexpressing anti-SMAD7 (or scrambled control) shRNA constructsi® and sorted after 24
hours. GFP-positive cells were grown in methylcellulose in the presence and absence of TGF- (20 ng/mL) and miR-21
inhibitor (50 mM), and erythroid colonies were counted after 14 days. miR-21 inhibitor treatment abrogates the
inhibitory effects of TGF-3 on erythroid colonies (mean = SEM of 2 independent experiments, Student’s t-test, P = .04)
in cells that were transfected with scrambled shRNA controls. SMAD7 shRNA—transfected progenitors did not
demonstrate any reversal of TGF-f—-induced inhibition after miR-21 inhibitor treatment. (E) miR-21 and GFP were co-
overexpressed in leukemic K562 cells using the pMIF-cGFP-Zeo vector, leading to decreased levels of SMAD7 as
detected by immunaoblotting when compared with the GFP-only control. (F) Primary CD34+ progenitors were
nucleofected with miR-21and GFP or with the GFP-only control and sorted after 24 hours. GFP-positive cells were
grown in methylcellulose in the presence of TGF-f (20 ng/mL) and hematopoietic colonies were counted after 14 days.
(G) miR-21 overexpression led to decreased erythroid colony formation (mean = SEM of 2 independent experiments,
Student’ s t-test, P = .01) and also led to qualitative reductions in colony sizes.

Figure 5
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Treatment with mir21 inhibitor leads to an increase in red blood cells in TGF-f transgenic mice. (A) Mice
expressing TGF-p (Alb/TGFB+) were treated with LNA-modified anti-miR-21 (n = 7) or mismatched placebo controls
(n = 6) for 5 doses. Mice treated with anti-miR-21 oligos had a significant increase in hematocrit (HCT, Student’s t-test,
P = .03), hemoglobin (Hgb [gm/DL], Student’s t-test, P = .049), and red blood cells (RBCs [x10%], Student’s t-test, P =
.0005). (B) Equal numbers of bone marrow cells were grown in methylcellulose and demonstrated increased erythroid
colony formation in the mice treated with miR-21 inhibitor (n = 5 in each group, Student’s t-test, P = .04. (C)
Representative bone marrow biopsy samples from both groups show an increase in SMAD7 levels in the treatment group
with a corresponding decrease in phospho-SMAD2.

Table 1

MDS patient characteristics and response to miR-21 inhibition

N Age/lSex WBC Hgb PIt Subtype Cytogenetics Coloniespost treatment ~ Colonies post treatment
3 3
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(10 /mL) (g/dL) (10 /mL) with mismatched control with miR-21 inhibitor
BFU-E CFU-GM BFU-E CFU-GM

1 63M 12 9 14 RCMD +11 204 12 259 24
2 T79/f 29 9.6 29 RAEB —7q 22 4 26 5

3 68/F 35 9.3 35 RAEB —5q, 18 20 37 49 46
4 70/M 18.2 8.5 84 RAEB Nml 91 93 121 86
5 69/F 52 8.8 75 RCMD Nml 62 26 98 25

WBC, white blood cells; plt, platelets; Hgb, hemoglobin.

Figure 6
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Inhibition of miR-21 stimulates erythropoiesisin MDS. MDS bone marrow—derived MNCs from 5 patients with MDS
(A) and 3 controls (B) were plated in methylcellulose and cytokines in the presence and absence of miR-21 inhibitor (50
nM). Colonies were scored at Day 14 and results were expressed as means £ SEM of independent experiments.

Articles from Blood are provided here courtesy of American Society of Hematology
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Abstract

Myelodysplastic syndromes (MDS) are characterized by abnormal and dysplastic maturation of all blood
lineages. Even though epigenetic alterations have been seen in MDS marrow progenitors, very little is
known about the molecular aterations in dysplastic peripheral blood cells. We analyzed the methylome of
MDS leukocytes by the HEL P assay and determined that it was globally distinct from age-matched controls
and was characterized by numerous novel, aberrant hypermethylated marks that were located mainly
outside of CpG idlands and preferentialy affected GTPase regulators and other cancer-related pathways.
Additionally, array comparative genomic hybridization revealed that novel as well as previously
characterized deletions and amplifications could also be visualized in periphera blood leukocytes, thus
potentially reducing the need for bone marrow samples for future studies. Using integrative analysis,
potentially pathogenic genes silenced by genetic deletions and aberrant hypermethylation in different
patients were identified. DOCK4, a GTPase regulator located in the commonly deleted 7931 region, was
identified by this unbiased approach. Significant hypermethylation and reduced expression of DOCK4 in

MDS bone marrow stem cells was observed in two large independent datasets, providing further validation
+
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of our findings. Finally, DOCK4 knockdown in primary marrow CD34 stem cells led to decreased
erythroid colony formation and increased apoptosis, thus recapitul ating the bone marrow failure seen in
MDS. These findings reveal widespread novel epigenetic aterations in myelodysplastic leukocytes and
implicate DOCK4 as a pathogenic gene located on the 7g chromosomal region.

Keywords: Epigenetics, Gene Expression, Gene Silencing, Microarray, Stem Cell

Introduction

The myelodysplastic syndromes (MDS)2 are collections of heterogeneous hematological diseases
characterized by refractory cytopenias due to ineffective hematopoiesis. Recent evidence suggests that stem
cellsin MDS are characterized by aberrant transcriptional profiles and that deregulation of gene expression
may account for abnormal growth and differentiation of these progenitors (1, 2). One of the ways that gene
expression may be dysregulated is through aberrant DNA methylation. Methylation of cytosine has been
implicated as a way to silence genes epigenetically and indicates an attractive target for potential
therapeutics (3). Aberrant methylation of promoters of genes such as p15,DAPK, and others has been
reported in MDS (4, 5). Even though these are important cell cycle and apoptosis genes, methylation of
their promoter CpGs has not correlated very well with clinical responses after treatment with DNA
methyltransferase inhibitors in most studies (7, 8). It is possible that global studies of the DNA methylome
in MDS may yield an epigenetic signature that is better as a diagnostic and prognostic tool than single
locus studies. Early attempts at global methylation analysis of MDS using a microarray covering 1,505
CpG idlands have shown aberrant hypermethylation of selected genesin MDS and their involvement in
progression to AML (9). Their study opened up the possibility that assays with better resolution and
coverage not restricted to CpG islands alone may yield more informative insights into the MDS methylome.

Several experimental approaches are available to determine genome-wide DNA methylation levels. Most of
these techniques are based on restriction enzyme digestion or DNA immunoprecipitation with antibodies
that bind to methylated CpGs (10). Among the restriction enzyme-based methods, some involve comparing
the profiles from digestion of DNA with methylation-sensitive and -insensitive restriction enzymes (11,
12). The HELP (Hpall tiny fragment enrichment by ligation-mediated PCR) assay is based on this principle
and relies on differential digestion by a pair of enzymes, Hpall and Mspl, that differ on the basis of their
methylation sensitivity. These enzymes cut at the same CpG-containing sites (CCGG), but Hpall is unable
to cleave the sites that are methylated. Thus, the DNA segments generated by these two digestions will vary
in composition based on the amount of methylation. The Hpall and Mspl genomic representations can be
cohybridized to a custom microarray and their ratio used to indicate the methylation of particular CCGG
sites at these loci. The HELP assay has been shown to be a robust discovery tool for flagging loci for
subsequent quantitative and nucleotide resolution bisulfite analyses (MassArray and Pyrosequencing) that
represent the gold standard tests for cytosine methylation (13—15).

In addition to epigenetic alterations, MDS is also characterized by many cytogenetic abnormalities that may
contribute to its pathogenesis. Recent studies have shown that higher resolution microarray -based
technologies such as comparative genomic hybridization (aCGH) and single nucleotide polymorphism
microarrays can reveal cytogenetic abnormalities not seen by conventional methods (16-18). In this study,
we tested whether it isimportant to study the effect of genetic and epigenetic abnormalities together to
obtain a comprehensive insight into MDS pathogenesis. We have developed an integrated genomics and
epigenomics platform based on the combination of the HELP assay and aCGH and have used it on MDS
samples. We have used MDS peripheral blood cells as very little is known about the molecular and
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epigenetic makeup of these dysplastic cells. We wanted to determine whether aberrant epigenetic marks
can be observed in MDS peripheral blood cells and whether these cells could be used for these studies
instead of hard to obtain marrow samples. Our studies showed that methylation changes could be seen in
peripheral blood leukocytes and were of sufficient magnitude to discriminate MDS leukocytes from age-
matched controls. Similarly, both novel and well characterized genomic copy number changes were also
found in these periphera blood cells. Using integrative analysis, common sets of genes were identified that
were affected in different patients by genetic deletion events and the epigenetic events of aberrant
methylation. One of the genes identified by this unbiased approach was DOCK4, which is located in the
commonly deleted chromosome 7931 region. DOCK4 was found to be epigenetically silenced in both
peripheral leukocytes and marrow stem cellsin MDS. We determined that Dock4 knockdown leads to
ineffective hematopoiesis, thus implicating it as a potential candidate gene in MDS and underscoring the
power of genome-wide integrative analysis in gene discovery in MDS.

MATERIALS AND METHODS

Patient Samples and Nucleic Acid Extraction Specimens were obtained from 21 patients diagnosed with MDS
and from controls after signed informed consent was approved by the Albert Einstein College of Medicine
Institutional Review Board. MDS subtypesincluded refractory cytopenias with multilineage dysplasia,
refractory anemia, refractory anemia with excess blasts, and chronic myelomonocytic leukemia. Peripheral
blood leukocytes were isolated after red cell lysis and used for DNA and RNA extraction. Genomic DNA
was extracted by a standard phenol -chloroform protocol followed by an ethanol precipitation and
resuspension in 10 mm Tris-HCI, pH 8.0. Total RNA was extracted using an RNeasy mini kit from Qiagen
(Valencia, CA) and subjected to amplification using the MessageAmp Il aRNA kit from Ambion (Foster
City, CA).

DNA Methylation Analysis by HELP The HEL P assay was carried out as published previously (14). Intact DNA
of high molecular weight was corroborated by electrophoresis on 1% agarose gel in all cases. One
microgram of genomic DNA was digested overnight with either Hpall or Mspl (New England Biolabs,
Ipswich, MA). The following day, the reactions were extracted once with phenol-chloroform and
resuspended in 11 pl of 10 mm Tris-HCI, pH 8.0, and the digested DNA was used to set up an overnight
ligation of the JHpall adapter using T4 DNA ligase. The adapter-ligated DNA was used to carry out the
PCR amplification of the Hpall- and Mspl-digested DNA as described previously (14). Both amplified
fractions were submitted to Roche-NimbleGen, Inc. (Madison, WI), for labeling and hybridization onto a
human hgl7 custom-designed oligonucleotide array (50-mers) covering 25,626 Hpal | -amplifiable
fragments located at gene promoters. Hpall -amplifiable fragments are defined as genomic sequences
contained between two flanking Hpall sites found within 200-2,000 bp from each other. Each fragment on
the array is represented by 15 individual probes distributed randomly and spatialy across the microarray
dlide. Thus, the microarray covers 50,000 CpGs corresponding to 14,000 gene promoters.

Quantitative DNA Methylation Analysis by Mass Array Epityping VValidation of HELP microarray findings was
carried out by MALDI-TOF mass spectrometry using EpiTYPER™ by MassArray (Sequenom) on
bisulfite-converted DNA as described previoudy (19, 20). MassArray primers were designed to cover the
flanking Hpall sites for a given Hpall-amplifiable fragment, as well as any other Hpall sites found up to
2,000 bp upstream of the downstream site and up to 2,000 bp downstream of the upstream site, to cover al
possible alternative sites of digestion. The primers used were as follows: KLF3 1, forward 5'-
AGGAAGAGAGTATTTTAAAGATGAAGTTTATGGGATAGT-3' and reverse 5'-
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CAGTAATACGACTCACTATAGGGAGAAGGCTAAACCCTTTAAATTAACCCATCTC-3"; KLF3 2,
forward 5'-AGGAAGAGAGTTGAAGGTTATTGAGTTTAGGG-3' and reverse 5'-
CAGTAATACGACTCACTATAGGGAGAAGGCTCTCAACTCACTACAAAAAAAAAA-3'; Dock4-
294-593, number 1, forward AGGAAGAGAGGGAGAAAATGTTATGGAATGGTTTTT and reverse
CAGTAATACGACTCACTATAGGGAGAAGGCTTCACCTCAACCACAAACTAAACAAA; and
Dock4-1299-1597, number 2, forward AGGAAGAGAGGGGTTATTAGTTTAAGATTTAAATTGGTG
and reverse CAGTAATACGACTCACTATAGGGAGAAGGCTAAATCATAACTCACCACAACCTCC.

Quantitative Real Time PCR The expression values of DOCK4 were validated by quantitative RT-PCR. cDNA
was synthesized from DNase | -treated total RNA extracted from patient samples using the Superscript 111
first strand kit from Invitrogen (Superscript 111) following the manufacturer's protocol. Real time PCR was
performed using SYBR Green PCR master mix from Applied Biosystems (Foster City, CA) with primers
specific for DOCK4 and a DNA Engine Opticon 2 real time thermocycler from Bio-Rad. GAPDH was
simultaneously amplified with specific primers as housekeeping genes to normalize the DOCK4 expression.
The primer sequences are as follows: DOCK4, forward 5'-GGATACCTACGGAGCACGAG-3' and
reverse 5S'-AGCCATCACACTTCTCCAGG-3'; glyceraldehyde-3-phosphate dehydrogenase, forward 5'-
CGACCACTTTGTCAAGCTCA-3'" and reverse 5'-CCCTGTTGCTGTAGCCAAAT-3'.

Microarray Quality Control All microarray hybridizations were subjected to extensive quality control using the
following strategies. First, uniformity of hybridization was evaluated using a modified version of a
previously published algorithm (15) adapted for the NimbleGen platform, and any hybridization with
strong regional artifacts was discarded and repeated. Second, normalized signal intensities from each array
were compared against a 20% trimmed mean of signal intensities across all arrays in that experiment, and
any arrays displaying a significant intensity bias that could not be explained by the biology of the sample
were excluded.

HELP Data Processing and Analysis Signal intensities at each Hpal | -amplifiable fragment were calculated as a
robust (25% trimmed) mean of their component probe-level signal intensities. Any fragments found within
the level of background Mspl signal intensity, measured as 2.5 mean-absol ute-differences above the
median of random probe signals, were categorized as “failed.” These failed loci therefore represent the
population of fragmentsthat did not amplify by PCR, whatever the biological (e.g. genomic deletions and
other sequence errors) or experimental cause. However, “methylated” loci were so designated when the
level of Hpall signal intensity was similarly indistinguishable from background. PCR-amplifying
fragments (those not flagged as either methylated or failed) were normalized using an intra-array quantile
approach wherein Hpal /M spl ratios are aligned across density-dependent sliding windows of fragment
size-sorted data. The logo(Hpall/Mspl) was used as a representative for methylation and analyzed as a
continuous variable. For most loci, each fragment was categorized as either methylated, if the centered log
Hpall/Mspl ratio was less than zero, or hypomethylated, if the log ratio was greater than zero.

Microarray Data Analysis Unsupervised clustering of HEL P data by hierarchical clustering was performed
using the statistical software R version 2.6.2. A two-sample t test was used for each gene to summarize
methylation differences between groups. Genes were ranked on the basis of this test statistic and a set of
top differentially methylated genes with an observed log fold change of >1 between group means was
identified. Genes were further grouped according to the direction of the methylation change
(hypomethylated versus hypermethylated in MDS), and the relative frequencies of these changes were
computed among the top candidates to explore global methylation patterns. Extensive validations (shown
for KLF3 promoter regions) with MassArray showed good correlation with the data generated by the HELP
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assay. MassArray analysis validated significant quantitative differences in methylation for differentially
methylated genes selected by our approach.

Array-based Comparative Genomic Hybridization (aCGH) Gene copy number changes were analyzed by high
resolution (6 kb) microarray-based comparative genomic hybridization (aCGH) performed on Roche-
NimbleGen 385K whole genome tiling arrays (2006-11-01_HG17 WG_CGH). Pooled DNA from healthy
cases was used as controls during hybridization. These arrays contain 50—75-mer probes at average spacing
of 6270 bp (6 kb). This probe-level aCGH data were analyzed by DNA copy algorithm (Nimblescan
software package, Roche-Nimblegen) using five adjacent oligonucleotides and confirmed by circular binary
segmentation algorithm (22). Significant DNA copy number changes were cross-referenced from the
HapMap data base from NCBI to remove normal variants.

Pathway Analysis and Transcription Factor-binding Site Analysis Using the Ingenuity Pathway Analysis software
(Redwood City, CA), we carried out an analysis of the biological information retrieved by each of the
individual platforms alone, and we compared it with the information obtained by the integrated analysis of
all three platforms. Enrichment of genes associated with specific canonical pathways was determined
relative to the ingenuity knowledge data base for each of the individua platforms and the integrated
analysis at a significance level of p < 0.01. Biological networks captured by the different microarray
platforms were generated using Ingenuity Pathway Analysis software and scored based on the relationship
between the total number of genes in the specific network and the total number of genes identified by the
microarray analysis. Thelist of hypermethylated genes was examined for enrichment of conserved gene-
associated transcription factor-binding sites using the Molecular Signatures Database (MSigDB) (23). Their
functional gene sets were obtained from Gene Ontology (GO) (24).

This analysis was performed by Gene Set Enrichment Analysis (GSEA) (23), a computational method that
determines whether an a priori defined set of genes (commonly hypermethylated genesin MDS) shows
statistically significant, concordant differences between two biological states. GSEA calculates an
enrichment score (ES) for a given gene set using a rank of genes and infers statistical significance of each
ES against ES background distribution calculated by permutation of the original data set. The ESisthe
maximum deviation from zero of the cumulative sum and can be interpreted as a weighted Kolmogorov-
Smirnov statistic. When an entire data base of gene setsis scored, an adjustment was made to the resulting
p values to account for multiple hypotheses testing. In this study, the javaGSEA implementation was used
for GSEA analysis. Thelist of differentially methylated Hpall fragments was analyzed using GSEA *“pre-
ranked” algorithm, which is used when a pre-ordered ranked list is to be analyzed with GSEA. 1,000
permutations were applied to sample labels to test if genes from each a priori defined positional gene sets
were randomly distributed along the gene list.

The same method was applied to determine whether transcription-binding sites are randomly distributed in
the differentially methylated genes. The a priori defined gene sets used in this analysis is transcription
factor target, which contains genes that share a transcription factor-binding site defined in the TRANSFAC
(version 7.4) database (25). Using GSEA pre-ranked algorithm, 1000 permutations were applied to sample
labels to test if genes from each transcription factor target gene sets were randomly distributed along the
differentially methylated gene list. The result shows significant over-representation of binding sites for
SP1, AHR, FOXO04, LEF1, NF1, and SOX9 and other transcription factors.

Meta-analysis of MDS and Normal CD34* Gene Expression Studies A human bone marrow gene expression
dataset, including profiles of 89 cases of MDS CD34™ cells and 61 normal CD34™ profiles was constructed.
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Individual datasets were obtained from seven independent studies (2, 26-31) from NCBI Gene Expression
Omnibus database, an on-line repository of all gene expression profiles reported in the literature (26).
Methods to find and extract data have been described previously (32, 33). The datasets were integrated
based on UniGene identifications and were quantile-normalized to ensure cross-study comparability, based
on our previous approach (32, 33). Analyses were performed using SAS (SAS Institute, Cary, NC) and the
R language.

shRNA Gene Knockdown The human GIPZ lentiviral sShRNAmir individua clones targeting DOCK4 (catalog
nos. RHS4430-98480907, RHS4430-99166546, and RH3S4430-98521322) and the nonsilencing control
(catalog no. RHS4346) were obtained from OpenBiosystems (Huntsville, AL). Nucleofection of CD34"
cells was performed according to the manufacturer's instruction using the Nucleofector machine (Amaxa,
Cologne, Germany). 10% CD34" cells (AllCells) were thawed, cultured for 2 h, resuspended in 100 pl of
human CD34* Nucleofection solution (Amaxa), then transferred into cuvettes, and electroporated using
program U008. CD34™ cells were collected and cultured in 24-well plates containing 1 ml of prewarmed
Stemspan (Stemcell Technologies, Vancouver, British Columbia, Canada), supplemented with 100 ng/ml
human Flt-3, stem cell factor, and Tpo for another 24 h before the analysis.

Hematopoietic Colony Assays 24 h after gene knockdown, CD34" cells were collected, and the ShRNA -
transfected cells were sorted according to the GFP intensity using Moflow (BD Biosciences). The same
numbers of GFP-positive cells were culture in MethoCult GF4434 (StemCell Technologies) containing
recombinant human stem cell factor, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-3,
and erythropoietin. Granulocyte/macrophage colony-forming units and erythroid burst-forming units were
scored on day 14 of culture.

Apoptosis Assay To detect apoptotic cells, annexin V-APC staining was performed 24 h after the lentiviral
transfection using the annexin V-APC apoptosis detection kit (eBioscience) according to the manufacturer's
instructions. 7-Aminoactinomycin D was used for the viability staining. Apoptotic cells were analyzed
using a FACScan (BD Biosciences).

Immunohistochemistry on Bone Marrow Tissue Microarray Tissue microarrays were constructed from formalin-
fixed, paraffin-embedded bone marrow core biopsies from patients with MDS and control patients with
anemia whose bone marrow showed no evidence of neoplasia. The tissue blocks were procured from Jacobi
Hospital (Bronx, NY) after approval by the Internal Review Board. For each patient, three 0.5-mm cores
were placed in a tissue array using a manual arrayer (Chemicon International, Temecula, CA). Sections of
the tissue microarrays were cut to a 5-um thickness, placed on positively charged slides, and heated to 60
°C for 1 h. They were then deparaffinized in xylene and rehydrated with graded alcohols. Endogenous
peroxidase activity was quenched with 3% hydrogen peroxide. Antigen retrieval was accomplished by
microwaving the slides in Dako Target Retrieval Solution, pH 6.0 (Dako Cytomation, Dako, Carpinteria,
CA), and subseguently steaming them in a vegetable steamer for 30 min. The slides were stained using a
rabbit polyclonal anti-DOCK4 antibody, provided by Yajnik and co-workers (34), at 1:200 dilution,
followed by Dako EnVision labeled polymer-HRP anti-rabbit antibody. Antibody binding was detected
using 3,3-diaminobenzidine chromogen (Cell Marque, Rocklin, CA). The slides were lightly counterstained
with hematoxylin, dehydrated with graded alcohols, cleared with xylene, and coverdlipped using Cytoseal
60 (Thermo Scientific, Waltham, MA). The tissue cores were then scored for weak versus strong staining
for DOCK4 by a hematopathologist who was blinded to the patient identities. Tissue cores that did not
contain at least 10% evaluable marrow were excluded from the analysis.
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RESULTS

Methylation Profiling on Peripheral Blood Leukocytes Separates Distinct Subsets of MDS from Normal Controls Even
though the hallmark of myelodysplastic syndromes is dysplastic appearance of peripheral blood cells,
epigenetic and other molecular alterations in these cells have not been examined in detail. We wanted to
determine the methylome of these cells by the HEL P assay, which is an unbiased high resolution-based
assay that has led to the discovery of novel epigenetic alterations in leukemias and other cancers (13, 35,
37). DNA methylation profiles were generated from 21 MDS patient peripheral leukocyte samples and 9
age-matched controls. The MDS samples included all subtypes of this disease (Table 1). The controls
included six elderly healthy cases and three patients with anemia of chronic disease. Unsupervised
hierarchal clustering showed that the controls formed a cluster that was distinct from MDS samples,
demonstrating epigenetic dissimilarity between these groups. Interestingly, a sample from a patient with a
5q syndrome clustered with normals (Fig. 1). The MDS samples formed two clusters with epigenomic
similarity to each other (groups 1 and 2), in addition to the rest of samples that demonstrated greater
epigenetic heterogeneity (group 3). Because we used peripheral blood leukocytes for these analyses, we
wanted to determine whether these epigenetic clusters were due the differing myeloid and lymphoid cell
percentages in these samples. We observed that most of the MDS samples had lymphoid and neutrophil
percentages that were in the normal range, and clustering was not found be dependent on their relative
ratios (Table 1 showing sample characteristics, no significant differences between myeloid and lymphoid
percentages between the cases p > 0.05, Proportions Test). Furthermore, epigenetic similarity between
clusters of samples was neither dependent on the histological subtypes of MDS nor cytogenetic alterations
within these samples. These data demonstrate that significant changesin DNA methylation are seen in
MDS leukocytes and are sufficient to clearly distinguish these cases from controls (Fig. 1).

Most Differentially Methylated Genes Are Hypermethylated in MDS Leukocytes Having demonstrated epigenetic
dissimilarity between MDS and control samples, we next determined the qualitative epigenetic differences
between these groups by performing a supervised analysis of the respective DNA methylation profiles. A
volcano plot comparing the differences between mean methylation of individual loci in MDS versus control
samples plotted against the significance (log (p value) based on t test) of the difference is used to represent
these data in Fig. 2A. We observed that most significantly differentially methylated loci were
hypermethylated in all cases of MDS (n = 152) when compared with controls (p value < 0.05; Fig. 2 and
supplemental Tables 1 and 2 listing all genes). This is consistent with previous reports demonstrating
hypermethylation of selected loci in MDS bone marrow progenitors (38). The two subgroups of MDS
samples based on unsupervised clustering (Fig. 1) also had predominantly hypermethylated genes, although
group 2 had a dlightly higher proportion of significantly hypomethylated genes when compared with
controls (Fig. 2, B and C). Most interestingly, only 28% (43/153) of the commonly differentially
hypermethylated CCGG loci (Eig. 2A) were located in the CpG islands (Eig. 2D). This was significant
even after the correction for the proportion of non-CpG island probes present in the HELP array and shows
that these non-CpG island loci are preferentially dysregulated in this disease (Fig. 2D).

A transcription factor, KLF3 (39, 40), that was significantly methylated in MDS was chosen for validation.
Promoter regions of the Kruppel-like factor-3 (KLF-3) (supplemental Fig. 1) was examined by MALDI -
TOF-based quantitative methods (MassArray, Sequenom). DNA was bisulfite-converted, and primers were
designed to amplify regions of interest, and quantitative assessment of methylation was performed by mass
spectroscopic analysis. We observed a strong correlation of quantitative methylation obtained from
MassArray with the findings of our HEL P microarrays, demonstrating the validity of our findings
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(supplemental Fig. 1). Furthermore, MassArray analysis of CG dinucleotides surrounding the assayed
Hpall sites revealed distinct hypermethylation of these cytosinesin MDS samples when compared with
controls (supplemental Fig. 1), potentially pointing to their role as potential biomarkersin this disease, as
shown for the KLF3 gene promoter.

Genes Hypermethylated in MDS Display Specific Functional and Genomic Characteristics A gene ontology analysis
of the 152 commonly hypermethylated genes (p <0.05 and methylation change >1 log fold) showed
specific enrichment of GTPase regulators with DOCK4, DOCK2, ARHGEF4, CDC42SE1, FARPL, GIT2,
IQGAP2, and RALGPSL as the genes that were hypermethylated in MDS (Table 2). Other gene pathways
with significant involvement of hypermethylated genes included those regulating cal cium-dependent cell -
cell adhesion, spermatid development, small nuclear ribonucleoprotein complex, and nuclear organization.
Table 2 shows the genes associated with each of these enriched GO categories, which include many
potentialy novel relevant candidate genes such as DOCK4 as well as genes already implicated in
hematological malignancies such as HOXB3 and RUNXS. Further functional pathway analysis revealed
cancer as the top functional pathway affected by hypermethylation in MDS (supplemental Fig. 2).
Involvement of these important pathways by genes commonly affected by hypermethylation even in this
heterogeneous mix of patients supports the biological validity of our dataset.

Aberrant methylation was not distributed randomly across chromosomes. Differentially methylated Hpall
fragments showed significant regional differences on chromosomes 11 and 16 compared with the genomic
distribution of all Hpall fragments from the HELP array. Furthermore, to determine whether these
hypermethylated genes shared any common DNA elements, we performed a search for transcription factor-
binding sites enriched in these genes. Significant over-representation of binding sites for SP1, AHR,
FOXO04, LEF1, NF1, and SOX9 and other transcription factors was seen in MDS (Table 3).

Array CGH Detects Copy Number Variations in MDS Leukocytes Because chromosomal deletions and
amplifications have been seen in MDS bone marrow progenitors, we next wanted to determine whether
these can also be seen in dysplastic leukocytes. We also wanted to test the potential of high resolution
aCGH in detecting novel copy number variations in the peripheral blood. aCGH performed at a 6-kb
resolution demonstrated that cytogenetic changes can be seen in peripheral blood leukocytes (Fig. 3 and
Tables 4 and 5). The changes seen in peripheral blood are very similar to those seen in the bone marrow
progenitors (Fig. 3A). Furthermore, both small and large chromosomal changes were successfully observed
in peripheral leukocytes (Fig. 3, B and C). Next, we used aCGH data from 20 samples to uncover cryptic
changes not seen by conventional karyotyping. We observed five common deletions and nine common
chromosomal amplifications affecting 25% or more cases with our analysis (Tables 4 and 5). These
included novel areas of deletion (1932 and 14g11) and amplification (1g41-42, 15g11, 19913, and 22¢22)
that were not seen by conventional karyotypic analysis. Interestingly, the 17g21-21 region found to be
amplified in our analysis was also described as a novel MDS amplification in a recent report (18), thus
confirming the applicability of our findings to other patient cohorts.

Integrative Analysis Can Reveal Novel Pathogenic Genes \We hypothesized that genes silenced by both deletion
and methylation are likely to be involved in disease pathogenesis as they are being silenced by distinct
mechanisms in separate cases. Therefore, an integrative analysis of epigenetic and genetic lesions could
prioritize candidate lesions for functional validation. Using this strategy, we selected five genes (DOCK4,
PRES, KCNN2, PGGT1B, and TNFAIP9) that were targeted by both genetic deletion and epigenetic
silencing in our dataset. These genes were selected on the basis of being deleted in at least 25% of cases
and differentially methylated in the others. One of these genes, DOCK4 (dedicator of cytokinesis-4) has
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been postulated as a tumor suppressor (41) and islocated on chromosome 7qg31, a frequently deleted
segment in MDS (Eig. 4A) (42). DOCK4 was found to be hypermethylated by the HELP assay (Fig. 4B),
and the methylation was validated quantitatively by MassArray EpiTY PER™ analysis, demonstrating
significantly increased methylation in MDS samples when compared with controls (Eig. 4C). To determine
the effect of DOCK4 methylation on transcription, we measured its expression in these samples by
guantitative RT-PCR and found it to be significantly reduced in the MDS leukocyte samples (Fig. 4D).
Furthermore, DOCK4 expression was significantly down-regulated by both promoter methylation and 7q
deletion in MDS samplesillustrating that it is affected by both genetic and epigenetic alterations (Fig. 4E).

DOCKA4 Is Hypermethylated and Reduced in Expression in MDS Bone Marrows in Independent Datasets To validate
these findings in bone marrow samples, we examined DOCK4 methylation in an independent cohort of 15
MDS and secondary AML patients enrolled in a clinical trial (38). Analysis of these HELP DNA
methylation profiles revealed striking hypermethylation of the DOCK4 promoter in MDS/AML patients
when compared with normal bone marrow controls (t test, p value <0.01) (Fig. 5A). To further test

DOCK4 expression in a larger set of MDS-derived bone marrow CD34" cells, we utilized a recently
constructed meta-analytical data base of MDS bone marrow gene expression profiles (32, 33). DOCK4 was
significantly underexpressed in 89 MDS CD34" cell samples when compared with 61 normal bone marrow
CD34* cells (p value = 4.3 x 1078, t test) Significantly reduced levels of DOCK4 were seen in all subtypes
of MDS examined (Eig. 5B, right panel, box plots), thus demonstrating a potential important role in the
pathobiology of this disease. Finaly, we aso determined DOCK4 protein expression in bone marrow
biopsies by immunohistochemistry in 9 cases of MDS and compared these with 19 cases of age-matched
controls with anemia due to various other etiologies (chronic disease, nutrient deficiency, and HIV). Only a
minority of MDS samples (2/9, 22%) showed strong expression of DOCK4 in the bone marrow progenitors
as compared with most of the controls (19/22, 86% with strong staining, p value = 0.001, Fisher's exact
test) as is shown in representative cases in Fig. 5C. These data obtained from different |aboratories support
a potential role of DOCK-4 in MDS pathogenesis.

DOCK4 Knockdown Leads to Ineffective Hematopoiesis M DS is characterized by ineffective hematopoiesis_
Increased progenitor and stem cell apoptosis coupled with dysplastic maturation of blood cellsis seenin
MDS. To determine the functional role of DOCK4 in hematopoiesis, we tested three different ShRNAs
against DOCK4 and demonstrated specific knockdown of the gene with all three constructs (Fig. 6A).
These were then used to knock down DOCK4 in primary bone marrow-derived CD34" stem cells that
were subsequently used for hematopoietic colony assays. DOCK4 shRNA led to significantly decreased
erythroid and myeloid colony formation demonstrating an important role in hematopoiesis. Furthermore,
DOCK 4 knockdown led to significant increase in apoptosis of CD34" cells, demonstrating similarity with
phenotypic changes seen in MDS bone marrows and validating the potential of our integrative platform in
gene discovery in this disease.

DISCUSSION

MDS is astem cell disorder that responds to treatment with cytosine analogues, azacytidine and decitabine,
agents that deplete DNA methyltransferases, suggesting a role of aberrant methylation in the pathobiology
of this disease. Even though most studies have looked at the methylation status of selected genesin MDS,
recent studies have started exploring epigenetic aberrations in an unbiased manner across the genome (9).
Most of these studies have focused on marrow samples that are hard to obtain and frequently limited by
poor quality and quantity of derived nucleic acid. We used an unbiased global assay to look for epigenomic
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disturbancesin peripheral blood cellsin MDS. Our aim was to evaluate whether high resolution assays
would be able to reveal epigenetic and genetic disturbances in these cells and thus could be used for future
gene discovery and biomarker studies. Our studies reveaed aberrations in DNA methylation that clearly
distinguished MDS from normal controls, even when total leukocyte populations were used for anaysis.
These results also suggest that aberrant methylation marks are stable and can be seen at the level of
differentiated and heterogeneous cell populations, when examined by high resolution assays. Furthermore,
by combining epigenomic assays with genetic assays, we could find novel genes that may play roles in the
pathogenesis of this disease.

Our epigenetic studies were based on the HEL P assay that examines cytosine methylation at CCGG (Hpall)
sites, some of which lie outside of CpG islands (13). In fact, we found that the majority of common
differentially hypermethylated cytosinesin MDS samples are not located in CpG islands. Recent work has
also shown that non-CpG island cytosine methylation can be important in controlling gene transcription
and can be involved in normal development and carcinogenesis (20, 43). These findings will be important
for future predictive biomarker studiesin MDS and underscore the importance of using unbiased high
resolution assays not restricted to CpG islands for these studies.

A problem with genomic assays is the large number of candidate genes that are discovered during analysis.
It is difficult to rank these targets by their functional importance, and it is thus challenging to conclude
which of these are the actual drivers of disease pathophysiology. We tried to use our integrative platform
to address this issue by hypothesizing that genuinely important pathogenic genes may be disrupted by
different mechanisms in different patient samples. Using this approach, we found five genes that were
targeted by hypermethylation and deletions in different MDS samples. One of these genes, DOCK4,
happens to reside within the chromosome 731 region that has been found to be a common region deleted
in poor prognosis MDS (42). DOCK4 is a member of family of guanine exchange factors that can activate
GTPases Rap and Rac (34). DOCK4 is a multidomain protein and is a part of the DOCK superfamily of 11
unconventional guanine exchange factors, characterized by the presence of DHR1 and DHR2 (DOCK
homology regions 1 and 2) domains. DOCK4 deletions have been seen in murine tumor models, and
missense mutations have been described in prostate and ovarian cancer cell lines (41). DOCKA4 is required
for Rap GTPAse activation that controls formation and maintenance of adherens junctions. Loss of
DOCK4 function leads to loss of cell adherence and can support tumorigenicity, implicating it as a tumor
suppressor gene. GTPases such as Rac and Rap aso play important roles in cytokine signaling during
hematopoiesis (6, 44, 45), and so modulation of their activation can impact this process. Additionally,
DOCK4 has also been shown to interact molecularly with the B-catenin pathway, specifically with GSK-3,
pathways that play important roles in regulating stem cell function in hematopoiesis (34). Chromosome 7 is
frequently deleted in MDS and leads to a worse prognosis in this disease. Studies have shown that 7931
may be the commonly deleted segment in this disease (36). Our identification of DOCK4 in an unbiased
manner using our integrative platform shows the potential of combining different genomic assays to
prioritize identification of important genes in this heterogeneous disease.

Supplementary Material

Supplemental Data:
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Figures and Tables
TABLE 1

MDS patient characteristics

The following abbreviations are used: HGB, GM/DL, NML, normal; RAEB, refractory anemia with excess
blasts; RCMD, refractory cytopenias with multilineage dysplasia; RA, refractory anemia; CMML, chronic
myelomonocytic leukemia;.

SampleID Subtype HGB (GM/DL) WBC (><103) Platelets(><103) Cytogenetics Lymphocytes Neutrophils

% %

MDS 1 RAEB 1.7 1 24 =7,-5 33 44
MDS 2 RCMD 117 17 32 —20q 40 45
MDS 3 RAEB 9.6 38 1 Complex 39 29
MDS 4 RAEB 9 14 19 +8 47 51
MDS 5 RCMD 14 21 126 NML 26 59
MDS 6 RCMD 126 21 85 NML 27 56
MDS 7 RAEB 9.9 21 5 Complex 57 32
MDS 8 RCMD 82 45 101 NML 36 54
MDS 9 RCMD 112 51 170 NML 15 76
MDS 10 RA 9 6.7 335 NML 38 45
MDS 11 RCMD 8.1 2.9 131 NML 37 49
MDS 12 RAEB 8.9 22 26 NML 32 49
MDS 13 RA 9.8 58 165 NML 42 41
MDS 14 RCMD 93 41 67 =7, +1 38 8

MDS 15 CMML 128 60 468 NML 5 81
MDS 16 RCMD 7.3 11.6 123 —5q, -1 30 56
MDS 17 RAEB 4.6 9.2 169 NML 42 39
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MDS 18 RAEB 84 44 89 +8 10 89

MDS 19 RA 89 6.3 181 +8 45 39

MDS 20 RAEB 81 0.8 51 Complex 73 25

5q Syndrome RA 6.6 11.6 562 —5q 16 74
FIGURE 1.
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Majority of differentially methylated loci are hypermethylated in MDS leukocytes and reside outside of CpG
islands. A volcano plot is shown demonstrating the difference in mean methylation between all MDS samples and
controls on the x axis and the log of the p values between the means on the y axis. A two-tailed t test was used to
calculate the p values. Significantly methylated loci with a log fold change in mean methylation are labeled in green, and
significantly hypomethylated loci are labeled in red (A). Volcano plots for MDS subgroups 1 and 2 also reveal mostly
hypermethylated loci with a variable number of hypomethylated loci. B and C, genomic position of every Hpall-
amplifiable fragment on the HELP array was compared with the location of known CpG islands, and the fragments on
the array were divided into two categories, those overlapping with these genomic elements and those not overlapping. To
determine whether the differentially methylated genes between MDS and controls were enriched for either one of these
types of elements, a proportions test was used to compare the relative proportion of the two types of Hpall fragmentsin
the signature with the relative proportion on the array. Stacking bars are used to illustrate the finding of a significant
enrichment for Hpall-amplifiable fragments not overlapping with CpG islands (D).

TABLE 2

Functional grouping of hyper methylated genesin MDS (Gene Ontology)

Biogroup p Genes
value
GTPase regulator activity 6.90E- DOCK4, DOCK2, ARHGEF4, CDC42SE1, FARPL, GIT2, IQGAP2, RALGPSL
06
Calcium-dependent cell-cell 9.10E- PCDH12, PCDHB11
adhesion 05
Spermatid devel opment 9.10E- HI1FNT, NME5
05

Small nuclear ribonucleoprotein 0.0001 GEMIN4, PRPF8, SNRPF

complex
Nuclear organization and 0.0003 HI1FNT, SYNE1
biogenesis
Transcription 0.0008 HOXB3, RUNX3, CCRN4L, KLF3, PLAGL2, MED12, PPARGC1A, HMGNS3, ZFX,
ENG, PRKAR1A
TABLE 3

Transcription factor binding sites enriched in hyper methylated genesin MDS

Transcription No. of p Genes Motif
factors genes value
SP1 12 3.10E- DOCK4, PLAGL2, ZFX, C110RF30, DDAH2, SYNE1, SV2A, GGGCGGR
05  ARRDCA4, SEZ6, STRN, NXT2, S.C35D1
AHR 5 4.19E- PLAGL2, ZFX, RUNX3, ANGPTL2, VAMP3 CCYCNRRSTNGCGTGASA
04
E12 14 3.78E- PLAGL2, C110RF30, DDAH2, SYNE1, SV2A, DUSP4, CAGGTG

03  PPARGCI1A, HOXB3, ADAMTSI5, GIT2, ODC1, ITPK1,
IQGAP2, LEPREL1

FOXO4 11 4.93E- MDSL, HSPG2, KLF3, C110RF30, DOCK4, DUSPA4, TTGTTT
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03  PPARGCI1A, HOXB3, HMGNS, ABCC1, DNAH11

NFY 4 5.80E- ARRDC4, ADAMTSL5, JMID2A, IMP4 GATTGGY
03

CHX10 2 8.60E- SEZ6, MDSL TAATTA
03

AREBG6 2 9.96E- ADAMTSIL5, SEZ6 CAGGTA
03

MAZ 14 1.22E- ZFX, DDAH2, SYNE1, DOCK4, ARRDC4, RUNX3, DUSP4, GGGAGGRR

02  ADAMTSILS, MDSL, HSPG2, IMID2A, JPH4, DAB2IP, GSPT1

GABP 2 1.32E- GIT2, JPH4 MGGAAGTG
02
LEF1 12 1.60E- DOCK4, SEZ6, ANGPTL2, DUSP4, PPARGCI1A, HOXBS, CTTTGT

02  ODC1, KLF3, DAB2IP, NUP107, FARP1, ARHGEF4

NF1 2 1.81E- DUSP4, HCN1 TGCCAAR
02

SOX9 6 2.05E- DOCK4, HSPG2, KLF3, MBP, PCDH12, ZNF502 NNNNAACAATRGNN
02

FIGURE 3.
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Array CGH can detect copy number variationsin MDS leukocytes. Unsupervised clustering of copy number analysis
reveals similarity between matched marrow (BM) and peripheral blood (PB) samples from the same patient (A). Array
CGH plots of chromosome 1 reveal small deletions seen in both bone marrow and peripheral blood samples from one
patient (B). In another patient with amplification of the short arm of chromosome 1 in bone marrow cells, the
amplification is aso seen in peripheral blood (C).

TABLE 4
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CHROMOSOMAL
LEAEATION GENEID
chrigas IC0S, CFHLY, complement Tactor H-ralaled 1, Homa sapens complement facior H-related 1, mRMA
1 feDNA clane MGC: 13525 IMAGE 38344 74), complste cds.
iCOS; POTEY4; protein expressed in prostaie, avary, bestis, and placenta 14 isaform POTE-14HB;
Homo sapiens probein expressed in prostate, ovary, testis, and placenta 14 (POTE14}, franscript
rwarat POTE-14B, mRMA,
chridgii FEOS; MRS WA human ful-length cDMA 5-PRIME and of ciong CSOD®I0TYEO8 of Hala calls of
Homo sapiens (human)
iCOS; DR40Y,; ofactory receptor, tamily 4, subfamily & member 3; Homo sapiens olfactary recephar
tamiy 4 subfamily & member 3 (ORS03), mANA
[G0S; SMAS; N H saplens SMAS mRNA
COE, M. barsic transcriplion faclor 2, Homo sapiens basic ranscriplion Techor 2 mRNA, complale
=i
iC0S; OCLN; accluding Hama sapiens oodudin (OCLN), mBRA.
enrSg13 iLDS; SERF1E; small EDRE-rich facior 1B, centromenc; Home sapiens small EDRK-rich factor 18

Heantramanc) (SERF1H), mAMNA
ICOS; Mih. barsic ranscriptian facior 2, Hama sapiens basic ranscription fackar 2 mRMNA, camplete
ods.

(COSE; BIRGT, baculaviral lAP repeat-contaning 1; Homa sapiens baculoviral IAP repeat-cortaining 1
BIRC1T), mRMA

(COS, psidAIP, pei nevronal apoptosis inhibsbary pralein, Hama sapiens pstAIP mRMA far psi
mewonal apoplosis inhibkary protein, partal ods.

IC0S; BTHLE; butyrophilin-lise B, Homa sapens butyraphilin-ike £ (BTHLE], mRHA

I20E; WOMNZ, pobassium inermadiabe'small condusianca calcium-acivated channal subdamiy M,
imenbsar 2

chrigd2 (COS, PGGT16, pralesn gesany lgeraryltransierass lype |, bela subunil

chifg1 (COS, TMFAIPY, tumor necrasis factar, alpha-ndwced prolein 9

chifga2 [COS, PRES, prestin [molor probaing
chi7g31 L0, DOCKA, dedicator of cylokinasts 4

COS, CTAGER, CTAGEER protein, Homo sapiens CTAGE lamily, meambar G, mRNA (cDNA clana
MIGC 1843 IMAGE 52857583), completa cds.

chrigds (COS; Mid. PRO27T51; Homo sapeens PROZTE] mRANA, compleie cds.

cs?a.sri Mif skin-anbmicroaial pegtide 1 (5AP1) H sapiens mAMA far skn-antimcrobal-pephide 1
HEART)

chrdpz3 0S5, DEFB104. defensin, bela 104, Home sapiensg dafensin, Data 104 [DEFS104), mRNA.

[COS, SPAGTT, WA Homa sapeens sperm associaled antigen 11 {SPAG11), ranscripl varianl B,
FRNA.

Chromosomal regions commonly deleted in MDS

TABLE 5

CHROMOSOMAL

LOCATION GEME ID

CDS, MPNZ, marapsin 2, Heme sapiens marapsn 2 {(MPN2), mRHA.
COS: WNTHA, wingless-typa MMTY inbagrabon site family, member S4; Homao sapkans
winglaas-ypa MMTY inegraticn sie tamily, mambar BA WHNTHA), mRNA.
COS; ARF1; ADP-ribasylation facior 1. Moma sapiens ADP-rbosylation facior 1, mRNA
{cDNA clone MG 9347 IMAGE: 2483523, complete ods.
chrl (gd1-g42) COS; MRFLSS,; mitgchandrnial ribosomal prolein LSS5 issfanm b;

COS; GUK1T; guanylaie kinase 1; Homa sapiens guanylabe kinase 1, mRNA (cDNA done
BGC 10618 IMAGE: 3546283), complate cos
CO5, OBSCH, abscurin, cyloskaletal calmadulbn and fn-ineracting RhaGEF, Hama
=apiens obscurin, cyloskeletal calmodulin and titin-interacting RhoGEF (OBSCM), mRMNA.
COE; KIAATGIS; KIAATG3E protein; Homa saphans mANA for KIAATE3S protain, partisl
cde.
CDE; POTE15: probain expressed in prostaie, avary, testis, and placenta 15; Homo
chri Bigi11) sapiens profein expressed in prostate, ovary, testis, and placenta 16 (POTE1S), mRNA
COS. CCLALY, ehemoking (C-C malil) ligand 3-ike 1 precurser, Homo sapiens
chermokire (C-C motf] ligand 3-Fee 1 {CCL3L1), mRHA.
chrifiglZ-q21) COE; LOCS1326; ARF protain; Homo sapkans ARF protain (LOGS1326), mRNA
CDE, NSF, M-alyimaleimide-sensilive faclor, Homo sapiens N-ethyimaleimide-senstive
factar [MEF), mRNA.
COE; GFYI; platedet ghycoprobain VI-3; Homo sapiens GFY] mRENA Tor plabek
glysoprotein V-3, completa cads
COE; ROH13; retnol dehydrogenase 13 (all<rans and $-cis); Homa sapiens refinod
dehydrogenase 13 (al-irans and 9-cis) (ROH13), mANA
COS; EFSAL1, apidarmal grawth factar receptor pallway substrale B-oe profein 1
maform ¢; Homo sapens EPSE-like 1 {(EPSEL1Y, ranscnpd variant 3. mRMA
G085 PPPIR12E; protain phosphatase 1, regulabory subunit 12C; Homo sapeeans proten
phosphatase 1, regulatary (inhibilon subuni 12C (FPPIR12C), mRNA
CDS; THMIS; ropenin |, cardiac; Homa sapiens trapanin |, cardiac (THMIE), mBRA
COS; BYTS, synaptolagmin V. Homa sapiers synaplotagmin W (SYTS), mRMNA.
COE; PTPRH; profein tyrasine phasphatase, recepior type, H precursor, Homo sapiens.
protein tyrosine phosphatase, receptor fype, H (PTPRH], mRMA,
COS; HSPBP1; hapTl-interacting probain, Homa sapena hapTl-inlesracting probain
chriSig1d) {HSPEP1), mRMA
G085 SLV420HE suppressor of vanegation £-20 homolog 2; Home sapiens suppressar
af waregation 4-20 homolog 2 (Drosophia) {SUVAZ0HZ), mRMNA
CDE; COXERD, cytochwome c caddase subunit Wb, testis-specific isaform; Homo sapens
aytochrome ¢ cxdase subunit Vib polypeptide 2 (lests) (COXERD), mRMA,
COE; IL11; mlerleiikin 11 precursar, Homo sapiens inbaraukin 11 (IL11) mRMNA
COE; MOACT; MDACT; Homo sapiens MOACT (MO&CT), mEkA
COS; RPL2Y; ribosomal protein L28; Homo sapesna ribosomal protein L28 (RPL2E),
kA,
COS: UBEZS; UBE2S praten; Homo sapmns ubiguitin-conjugating enzyme E25, mRAMA,
{cOMA clone MGC:BD IMAGE 2588445, complate cos.
CDE; ZEC, ZEC prolein, Homao sapiens zinc finger pralen Zec, mRMA (cDNA clane
IMAGE: 4445741), partial cds.
COE; KLP1; K562 cal-garived leucine-zippar-ike prabain 1; Homo sapiens K552 cell-
darivad lausne-zippar-like prodein 1 (KLP1), mRNA.
COE. GGTZ, gamma-jlutamyl irarepeplidass amall suburd; Human kidrey gamma-
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AT aTE e P aEE Ty TR, 3 &,
chr22igl1) COS; USP41; ubiguilin-specific pratease 41: Homa sapiers partial mRNA far ubiguitin:

; proteass 41 (LISP41 gena)
COS; POLR2JZ, DA diractsd RMA palymarase || palypeplide J-ratalsd pans isofam 1,
chriiqad) CODE; RAGA4; RAS p21 profein activaior 4. Homa sapiens RAS p21 probain activator 4
{RAGA4), MRNA.
CDS; ADAMS; ADAMS prolein; Homo sapiens a dismniegrn and metallopre
chrllip11) domain &
COS. GFRZ0; G probain-coupked receplor 20; Homo sapeans G probain-couplad racepior
20 (GPR2D), mRMA.
COS; PTP4AZL protain byrosine phosphatass type WA, membaer 3 soform 1; Homa
sapiens profein tyrasing phosphatase type VA, mamber 3 (FTR4A3), transcrpd variant 1,
MRRA.
CDE; BAI; brain-specfic angogeness inhibitor 1 precursar; Home sapiens brain-spedific
angiogenesis nhibitar 1 (BAIT), mRA
COS; ARC; actwily-regulabed cytoskeletor-associated pralein; Homo sapiens actiily-
resgulated cyloskalabon-asanssaled protein (ARC), mRNA
COE PSCA; prostate siem cel antiger: Home sapiens prostate stem cell antigan
{PSCA), mRNA
CDE; LYSK. cDMA for dfferertially expressed S016 gene, Hama sapiers cDNA for
differsntially exprassed CO16 pana (LYEK), mRNA
COE; LOC51337, mesanchymal slem call praten DSEDTE Homa sapiens masenchymal
stem cell protein DSCOTS, mRMA (cDNA clone MEC.5515 IMAGE: 345383 5), complale
ads.
COS: ARS; ARS companant B precurser; Homo sapiens SRS companent B (ARS)
mMRNA.
CDE; LYNX1; Ly-6 neurcbaxin-ike protein 1; Homo sapens Ly-6 nevrcbaxin-ike protein 1
{LYMX 1), franscript warant 3, mRka.
CO5; LYSD, LYED profein. Homo sapiens lymphocsyte antigan § complas, lecis D, mRNA
{eDNA clone IMAGE: S4Z9868), pantial cds.
COE; GML; GPl anchored malecule bke protein; Homa sapians GP anchored malecule
likie probain (GML), mRNA
COS; CYP11B1; cytochrome P450, subfamaly XIB {sterod 11-beta-hydromylass),
polypeptide 1 precursar;
COE; LYSE, LYSE protein; Homo sapiens lymphotyle antigan § complas, Ieous E, mRNA
{eONA clone MAGE: 3447 132), complale cda.
COS; HHCM: Mahlavy hepatoceiular carcinoma probein; Homa sapiens Mahlavy
hepatacelular carcinoma (HHCM), mAna
COS; LYAH; lymghatyle antigen B camales, losus H, Homo sapiens lymphacyle artigen
§ complex, loous H, mANA (DA done MEC: 24913 IMAGE: 48G%118), complete cos.
COE; LOC338328; high dersty Ipoprotain-binding protein; Homo sapiars high dansity
lipaprotain-binding probain (LOC338328), mRMNA
COE; GLM; GLI-Krupped family member GLW; Homo sapiens GLI-Kruppel family member
GLI2 (GLMEY, mRMA
COS. TOP1MT, milochondrial lopoisomenasa | Hama sapiens lopoisomenasa (DNA} 1,
mildchondrial (TOPMT), rucledr gens encoding milochondrial protein, miNA
COS: RHPN1; RHPN1 prodein; Home saplens rhephilin, Riba GTPase binding praten 1,
MRNA (cDNA clora MGC 34714 IMAGE 5211354), complate ods.
CDS; MAFA; vemaf musculbaponewotic fibrosarcoma cnoogene hamalog A; Homo
sapiens v-maf musculaaponeuroéic fisrosarcoma oncogene hamalog & (avian) (MAFA),
mR
CDS, ZC3HDCE zine finger COCH type domain corairing 3, Homo sapiens zing fingar
CCCH type domain contaming 3 (ZCIHDCE), mRMA.
COS; GEOMDC1; gastermin demaim containing 1; Homa saplens gasdermin domain
cantaining 1 (GSDMDC ), mREMA.
CDE; EEF1D; eukaryalic translation elongation facior 1 deka, iscform 2;
CDS TIGDS, tigger ransposable alament danved 5, Home sapiens ligger ransposable
alement darwed 5 (TIGOS), mRNA.
CODS; PYCRL: pyrraine-S-carbaxylate reduciase-like; Homa saplers pyrrokng-5-
carbonylate reductase-lisa (FYGRL), mRNA
CDE; TETAS, lissue specific transplantation anligen P58, Homo sapiens lissue specific
transplantaticn antigen PA58, mRMNA, (cDNA done MGC: 4302 IMAGE: T818332),
camplete cos
COS. OFMNIMW, opain 1 (cone pigments), medium-wase-aengilive (color blindness,
chrkg2E] dewutan,

chrliiga4)

Chromosomal regions commonly amplified in MDS

FIGURE 4.

file://ICJ/...O0L eukocytes%20and%20Reveal %20D ock4%20as%620a%20Candi date%20Pathogeni c%620Gene%200n%20Chromosome%207q.htm[ 3/23/2016 12:34:58 PM]



Aberrant Epigenetic and Genetic Marks Are Seen in Myelodysplastic Leukocytes and Reveal Dock4 as a Candidate Pathogenic Gene on Chromosome 7q

A
I
i
DOCK4(7q31.1)
B _ conmosswmos D _ 5, M=o E .
Bxa o % 5 4 & . T 1
2§80 oL P=0007 z§ 2] r
O = 4 - o
E=<L— %%_ GE 16
0 Fo1s o= 3 3312‘
f__ﬁ%i’ 35 21 Ne21 S 2 08
2o QB 4 S E 04 - i
- Sl B N=10 c.%,,_ S8, | R
’ _ * L No Meth or Meth Del Meth
P=0.004 MN=19 CONTROLS MDS Math or Del alone alone and
Del Del
L4 P, 0001 Methylation by Massimray
-—ﬁ
I = —
s 5% 106t

Controls MDS

Integrative analysis reveals DOCK4 to be silenced by both deletion and hypermethylation in MDS. The aCGH plot
of chromosome 7 from an MDS patient with 7q deletion shows the location of the DOCK4 gene (A). Mean methylation
from the HELP assay (depicted by logo(Hpall/Mspl)) is significantly higher in MDS samples as evident from a more
negative value (two-tailed t test) (B). Methylation analysis of the DOCK4 promoter by MassArray analysis reveals
greater methylation in MDS samples as depicted in the heat map (C). quantitative RT-PCR was performed on RNA from
MDS leukocytes and control samples and showed a significantly reduced expression in MDS (D). Means + SE. with p
value were calculated by two-tailed t test. Expression of DOCK4 was evaluated in MDS samples with or without
deletions (Del) and promoter methylation (Meth) and shows significant reduction with either genetic or epigenetic
silencing. Means £ S.E. with p value were calculated by two-tailed t test (E).
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Validation in independent cohorts demonstrate reduction in DOCK4 in marrow samples from MDS/AML.
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Methylation values obtained from the HELP assay performed on marrow (BM) samples in an independent cohort of
patients (38) show hypermethylation of the promoter in MDS/AML samples (A). Gene expression values from various
studies on MDS and normal bone marrow-derived CD34" cells were obtained and normalized. Mean expression of
DOCK4 was significantly reduced in 89 MDS cases when compared with 61 controls (two-tailed t test) (B, left panel);
box plots of MDS subtypes show significantly reduced levels of DOCK4 in all subtypes of MDS (B, right panel). Bone
marrow biopsy samples were stained with DOCK4 antibody and show decreased expression in four representative cases
of MDS when compared with controls (C).
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DOCK4 knockdown leads to ineffective hematopoiesisin vitro. DOCK4 protein expression was reduced by three
lentiviral mediated shRNA constructs (A). Primary bone marrow CD34" stem cells with DOCK4 shRNAs produced
fewer erythroid (erythroid burst-forming units (BFU-E)) and myeloid (CFU-GM) colonies (means + S.E.; t test, p value<
0.05) (B). DOCK4 shRNA was able to increase apoptosis significantly in GFP*-sorted CD34% cells (t test, p value<
0.05). Three independent experiments shown as means + S.E. (C).

Articles from The Journal of Biological Chemistry are provided here courtesy of American Society for Biochemistry
and Molecular Biology
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Reduced SMADY7 leads to overactivation of TGF-beta signaling in
MDS that can be reversed by a specific inhibitor of TGF-beta
receptor | kinase
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Abstract

Even though myelodysplastic syndromes are characterized by ineffective hematopoiesis, the
molecular alterations that lead to marrow failure have not been well elucidated. We have
previously shown that the myelosuppressive TGF-p pathway is constitutively activated in MDS
progenitors. Since there is conflicting data about upregulation of extracellular TGF-b levels in
MDS, we wanted to determine the molecular basis of TGF-p pathway overactivation and
consequent hematopoietic suppression in this disease. We observed that SMAD?7, a negative
regulator of TGF-p receptor | (TBRI) kinase is markedly decreased in a large meta-analysis of
gene expression studies from MDS marrow derived CD34+ cells. SMAD?7 protein was also found
to be significantly decreased in MDS marrow progenitors when examined immunohistochemically
in a bone marrow tissue microarray. Reduced expression of SMAD?7 in hematopoietic cells led to
increased TGF-B mediated gene transcription and enhanced sensitivity to TGF-3 mediated
suppressive effects. The increased TGF-p signaling due to SMAD?7 reduction could be effectively
inhibited by a novel clinically relevant TBRI (ALKS5 kinase) inhibitor, LY-2157299. LY-2157299
could inhibit TGF-p mediated SMAD?2 activation and hematopoietic suppression in primary
hematopoietic stem cells. Furthermore, in vivo administration of LY-2157299 ameliorated anemia
in a TGF-B overexpressing transgenic mouse model of bone marrow failure. Most importantly,
treatment with LY-2157199 stimulated hematopoiesis from primary MDS bone marrow
specimens. These studies demonstrate that reduction in SMADY7 is a novel molecular alteration in
MDS that leads to ineffective hematopoiesis by activating of TGF-f signaling in hematopoietic
cells. These studies also illustrate the therapeutic potential of TBRI inhibitors in MDS.

Correspondence to: Amit Verma, MD, Chanin 302B, Albert Einstein Cancer Center, 1300 Morris Park Avenue, Bronx, NY 10461,
averma@aecom.yu.edu.
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INTRODUCTION

The myelodysplastic syndromes (MDS) are clonal stem cell disorders characterized by
cytologic dysplasia and ineffective hematopoiesis(1-3). Although approximately a third of
patients may progress to acute leukemia, refractory cytopenias are the principal cause of
morbidity and mortality in patients with MDS(4). In fact, approximately two-thirds of
patients present with lower risk disease characterized by a hypercellular marrows with
increased rates of apoptosis in the progenitor and differentiated cell compartments in the
marrow (5-8). Ineffective hematopoiesis arising from abortive maturation leads to peripheral
cytopenias. Higher grade or more advanced disease categories are associated with a
significant risk of leukemia transformation with a corresponding lower apoptotic index and
higher percentage of marrow blasts.

Cytokines play important roles in the regulation of normal hematopoiesis and a balance
between the actions of hematopoietic growth factors and myelosuppressive factors is
required for optimal production of different hematopoietic cell lineages. Excess production
of inhibitory cytokines amplifies ineffective hematopoiesis inherent to the MDS clone. TGF-
B is a myelosuppressive cytokine that has been implicated in the hematopoietic suppression
in MDS. The plasma levels of TGF-$ have been reported to be elevated in some(9-13) but
not all studies (14-17) and are supported by greater TGF- immunohistochemical staining in
selected studies. In addition to direct myelosuppressive effects, TGF-p has also been
implicated in the autocrine production of other myelosuppressive cytokines (TNF, IL-6, and
IFN y) in MDS (18). Conflicting data may arise from technical limitations of bone marrow
immunohistochemical analyses of a secreted protein as well as the biological heterogeneity
of the disease itself. Thus we investigated the role of TGF-B in MDS by direct examination
of receptor signal activation to conclusively determine its role in the pathogenesis of
ineffective hematopoiesis in MDS. We determined that the SMAD?2 is upregulated and
overactivated in MDS bone marrow progenitors, thereby demonstrating sustained TGF-3
signal activation in this disease. We also determined that inhibition of SMAD2 activation
can stimulate hematopoiesis from primary MDS progenitors, demonstrating its activation by
TGF beta receptor as an important event in ineffective hematopoiesis. Since there is
conflicting data about upregulation of extracellular TGF- levels in MDS, we next sought to
determine the molecular basis of TGF-p receptor-1 (TBRI) overactivation and subsequent
SMAD?2 phosphorylation / activation in this disease in the present study. We observed that
SMADY, a negative regulator of TBRI kinase, is markedly decreased in MDS and that this
leads overactivation of TGF-B signal transduction even in the absence of increased levels of
extracellular TGF-B. Our studies also show that this can be reversed by a clinically relevant
novel inhibitor of TGF--f receptor | kinase, LY-2157299, and points to the therapeutic
potency of this approach in MDS.

MATERIALS AND METHODS

Cells Lines and Reagents

Human CD34+ cells were isolated from bone marrows of normal or MDS patients, after
obtaining informed consent approved by the institutional review board of Albert Einstein
College of Medicine. Bone marrow CD34+ cells from various normal donors were also
obtained from AllCells (Emeryville, CA). K562 and HS-5 cell lines were purchased from
ATCC. Erythropoietin and Transforming growth factor-p1 (TGF-B1) were bought from

Cancer Res. Author manuscript; available in PMC 2012 February 1.
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R&D Systems (Minneapolis, MN). The phos-SMAD?2 (S465/467) and actin antibodies were
from Cell Signaling Technology (Beverly, MA), and SMAD?2 antibody from Invitrogen.
TBRI inhibitor LY-2157299 was provided by Eli Lilly. LY-2157299 was diluted in DMSO
(20 mM stock solution) and kept at -20°C until use.

Cell Lysis and immunoblotting

Cells were lysed in phosphorylation lysis buffer as previously described (19). In the
experiments in which the effects of LY-2157299 were studied, DMSO (diluent)-treated cells
were used as control. Immunoblotting was performed as previously described (19).

ShRNA knockdown experiments: (only use nucleofection, not virus)

The Human Lentiviral SARNAmir (pGIPZ) containing the hairpin sequence
(TGCTGTTGACAGTGAGCGAGCTGTGTTGCTGTGAATCTTATAGTGAAGCCACAG
ATGTATAA GATTCACAGCAACACAGCCTGCCTACTGCCTCGGA) targeting
SMADY and the non-silencing negative control were obtained from OpenBiosystems
(OpenBiosystems, AL). Nucleofection of CD34+ cells or MDS BM MNCs was performed
according to the manufacturer’s instructions, by using the Nucleofector machine (Amaxa,
Germany). The CD34* cells were thawed and cultured for 2 hours, 2 x 10 cells were
resuspended in 100 ul human CD34* nucleofection solution (Amaxa, Germany). Samples
were transferred into cuvettes and transfected by using program U08. CD34" cells were
collected, dispensed in the wells of a 24-well plate containing 1 ml prewarmed StemSpan
(StemCell Tech), supplemented with 100 ng/ml human FLt-3, SCF and TPO. The lentiviral
transfected CD34* cells were sorted 24 hours later according to the GFP intensity using
Moflow (Becton Dickinson, CA). Quantitative RT-PCR for SMAD7 expression was done
on total RNA from HS-5 and K562 cells obtained by RNAeasy mini kit (Qiagen, CA).
cDNA was synthesized with SuperScript Reverse Transcriptase 111 (Invitrogen). Real-time
PCR was performed with SYBR green PCR Master Mix (Applied Biosystems, Foster City,
CA) and SMAD7 and GAPDH (control) were simultaneously amplified with specific
primers.

Primers for GADPH: Forward: 5’-CGACCACTTTGTCAAGCTCA-3’ Reverse: 5’-
CCCTGTTGCTGTAGCCAAAAT-3’

Primers for SMAD7: Forward:5’-GACAGCTCAATTCGGACAAC-3’, Reverse: 5’-
TCTCGTAGTCGAAAGCCTTG-3’

Meta-analysis

NCBI’s GEO database was searched for gene expression studies on MDS and normal CD34
cells. A total of 3 MDS datasets with 89 unique MDS CD34+ studies(20,21) (ref BJH) and
61 normal CD34+ datasets from 6 studies (20-24) were identified and downloaded. The data
was integrated using unigene IDs. Studies were done using Affymetrix U133A/B and Plus
2.0 platforms. After interarray quantile normalization, SMAD7 expression was assessed and
visually represented as a heat map using R statistical software. All genes belonging to TGF-
b signaling pathway were examined in the database. To strengthen the criteria for selecting
genes that were differentially expressed in MDS, we only selected genes that were
significantly different in the combined dataset as well as in the 2 major MDS cohorts (20,25)
when studied independently.

Murine Experiments

Transgenic mice expressing a fusion gene (Alb/TGF) consisting of modified porcine TGF-
1 cDNA under the control of the regulatory elements of the mouse albumin gene (26) were
used under animal institute approved protocol. Mice were given LY-2157299 at a dose of
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100mg/kg/day in NaCMC/SLS/PVP/antifoam solution by gastric lavage using a curved 14 G
needle. Blood counts were analyzed by Advia machine. Mice femurs were flushed and bone
marrows cells were used for clonogenic assays.

TGF-B gene reporter assay—HS-5 cells were plated in six-well plates 24 hours before
transfection. Cells were transfected in triplicate with SuperFect (Qiagen, CA) according to
the manufacturer’s instruction using the reporter plasmid (pGL2-3TP-Lux)(27). pSV-B-Gal
was used to normalize the transfection efficiency. After an overnight incubation, the
medium was replaced with serum-free medium with or without LY-215as necessary for the
experiment. After 48 hours, cells were treated with 10 ng/ml TGFB1. Cells were harvested
24 hours later in reporter lysis buffer (Promega, WI), and luciferase and p-galactosidase
activities were determined using Dual Luciferase System (Promega, WI).

Hematopoietic progenitor cell assays—Hematopoietic progenitor colony formation
was determined by clonogenic assays in methylcellulose, as in our previous studies (19,28).
All participants in the study signed informed consent, approved by the institutional review
board of Albert Einstein College of Medicine. Granulocyte/macrophage colony-forming
(CFU-GM) units and erythroid burst forming units (BFU-E) from bone marrow samples
were scored on day 14 of culture.

Immunohistochemistry on Bone Marrow Tissue Microarray

RESULTS

Tissue microarrays (TMAS) were constructed from formalin-fixed, paraffin-embedded bone
marrow core biopsies from patients with MDS and control patients with anemia whose bone
marrow showed no evidence of neoplasia. The tissue blocks were procured from Jacobi
Hospital after approval by the Internal Review Board. For each patient, three 0.5 mm cores
were placed in a tissue array using a manual arrayer (Chemicon International, Tenecula,
CA). Sections of the TMAs were cut to 5 um thickness, placed on positively charged slides,
and heated to 60°C for one hour. They were then deparaffinized in xylene and rehydrated
with graded alcohols. Endogenous peroxidase activity was quenched with 3% hydrogen
peroxide. Antigen retrieval was accomplished by microwaving the slides in Dako Target
Retrieval Solution, pH 6.0 (Dako Cytomation, Dako, Carpinteria, CA, USA), and
subsegently steaming them in a vegetable steamer for 30 minutes. The slides were stained
using a rabbit polyclonal anti-SMAD?7 antibody, provided at 1:200 dilution, followed by
Dako EnVision labeled polymer-HRP anti-rabbit antibody. Antibody binding was detected
using DAB chromogen (Cell Marque, Rocklin, CA, USA). The slides were lightly
counterstained with hematoxylin, dehydrated with graded alcohols, cleared with xylene, and
coverslipped using Cytoseal 60 (Thermo Scientific, Waltham, MA, USA). The tissue cores
were then scored for weak versus strong staining for SMAD7 by a hematopathologist who
was blinded to the patient identities. Tissue cores that did not contain at least 10% evaluable
marrow were excluded from the analysis.

SMADY7 is reduced in bone marrow progenitors in low grade MDS

To determine the molecular events that lead to overactivation of TGF-f signaling in MDS,
we examined the expression of genes that are involved in and regulate the TGF-f signaling
cascade in a large number of MDS patient samples. We used a meta-analysis of publicly
available microarray studies in MDS, comprising a total of 89 unique MDS patient CD34+
gene expression profiles and 61 normal CD34+ controls. These data were obtained from
published studies (20-25,29), were integrated using Unigene protein 1Ds, subjected to
interarray normalization and then used for analysis. This strategy was shown to be
biologically valid strategy for analysis previously by us (30). Our analysis of this integrated
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dataset demonstrated that the SMAD?7, a negative regulator of the TGF-p3 receptor kinase,
was the most significantly differentially expressed gene in MDS and was markedly reduced
in most cases (Fig 1, mean log2 expression 8.31 in controls vs 6.32 in mds cases, p <0.0001,
Bejmanin Hochberg correction, multiple testing). Subgroup analysis revealed that SMAD7
was significantly reduced (> 2 mean log fold reduction) in both low and high grade MDS
samples, though most of the cases examined belonged to low risk MDS (83/89 cases).
Subgroup analysis within low grade MDS revealed lower expression in cases with and
without deletion of chromosome 5q, demonstrating that decrease in SMADY is an
widespread and significant change in MDS bone marrow stem cells.

To confirm these results, bone marrows of patients with MDS were assessed for the SMAD7
expression by immunohistochemistry. A tissue microarray containing bone marrow samples
from MDS and control bone marrow biopsies was prepared to minimize staining variability
between individual slides. MDS bone marrow samples were compared to 24 age matched
controls with non-MDS causes of cytopenias [iron deficiency anemia, chemotherapy related
anemia, hyperplenism, drug induced marrow suppression, autoimmune anemia,
Myelofibrosis and unexplained cytopenias in the absence of any dysplasia]. Significant
reduction in SMAD7 was seen in bone marrow cells of patients with low risk MDS (75% of
samples had reduced expression vs 9%of controls, P<0.05, proportions test), (Fig 2). Since
SMADY is ubiquitously expressed, we also investigated the phenotypes of bone marrow
cells that had reduced levels of this protein. Histological examination revealed that SMAD7
was reduced in hematopoietic progenitors of all lineages in MDS, including erythroid and
myeloid progenitors.

Reduction in SMAD7 can lead to increased sensitivity to suppressive effects of TGF-8 on
hematopoiesis

We wanted to study the effect of SMAD?7 reduction on TGF-p signaling in the
hematopoietic system. A lentiviral vector based ShRNA vector targeting SMAD7 was
developed (Fig 3A) and was successfully able to inhibit SMAD7 expression when compared
to scrambled control in various hematopoietic cells. (Fig 3B). Primary bone marrow derived
CD34+ stem cells were infected with lentiviruses containing anti-SMAD?7 and control
shRNA constructs and then GFP selected and grown in methylcellulose in the presence and
absence of varying amounts of TGF-f3. Downregulation of SMAD?7 led to significantly
increased sensitivity to TGF-B and very low amounts of TGF-p was able to significantly
inhibit erythroid colony formation when compared to controls, .

Next, we wanted to study the effect of SMAD7 downregulation on TGF-f signaling at the
transcriptional level. Luciferase reporter assays that were dependant on SMAD?2 binding
demonstrated that ShRNA mediated downregulation of SMAD?7 led to increase in TGF-f
mediated gene transcription in bone marrow stromal cells stably transfected with lentiviral
shRNAs, Since previous studies have shown that SMAD?7 can inhibit TGF-p receptor |
kinase (TBRI) in other model systems, we hypothesized that reduction in SMAD?7 levels
leads to overactivation of TBRI and subsequent downstream signaling in hematopoietic cells
in MDS. To test this we used a specific inhibitor of TBRI kinase (LY-2157299) and
observed that inhibition of this kinase abrogates the stimulation of TGF-3 gene transcription
that is induced by SMAD?7 downregulation.

LY-2157299 is an effective and functionally active inhibitor of TGF-f signaling in
hematopoietic cells

Having demonstrated an important role of SMAD? reduction and subsequent TGF-f
receptor | kinase activation in hematopoiesis, we next wanted to test the efficacy of
LY-2157299, a novel clinically relevant small molecule inhibitor of TBRI (31-35). We first
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demonstrated that LY-2157299 was able to potently inhibit TBRI mediated SMAD2
activation in hematopoietic cells (Fig 4A,B). Next, we tested whether LY-215 was able to
reverse the inhibitory effects of TGF-f in primary hematopoietic stem cells. Primary
CD34+cells were grown in methylcellulose in the presence and absence of TGF-§3 and
LY-2157299. As predicted, TGF-f led to quantitative and qualitative inhibition of
hematopoietic colonies (Fig 4C,D). LY-215 was also able to abrogate the suppressive effects
of TGF-B on erythroid and myeloid colonies in a dose dependant manner (Fig 4C,D) thus
demonstrating the its functional ability in hematopoiesis.

LY-2157299 can improve anemia in a model of bone marrow failure

To further examine the efficacy of LY-2157299 in vivo, tested it in a transgenic mouse
expressing a fusion gene (Alb/TGF) consisting of modified porcine TGF-f cDNA under the
control of the regulatory elements of the mouse albumin gene. (26). We have shown that
these mice constitutively secrete TGF-B, become anemic and have histologic marrow
findings that mimic human MDS, thus serving as an in vivo model of bone marrow failure.
(36) These mice were randomized into treatment or placebo groups on the basis of
pretreatment hemocrits. Blood counts were measured after 14 days of oral administration of
LY-2157299 or vehicle. TBRI inhibitor treatment led to inhibition of constitutive SMAD2
activation in murine bone marrows (Fig 5) and significant increases in hematocrit in these
mice demonstrating the specificity of LY-2157299 in inhibiting TGF-B signaling and
abrogating the hematopoietic defects induced by it. (Fig 5)

LY-2157299 can stimulate MDS hematopoiesis

Finally, we tested the ability of LY-2157299 in vitro in 10 primary MDS bone marrow
samples. These patients had low grade MDS and did not have increased blast counts (Table
1). Mononuclear cells from the bone marrow were grown in methylcellulose with cytokines
in the presence and absence of varying doses of LY-2157299. MDS bone marrow cells
exhibit poor hematopoietic colony formation in concordance with the hematopoietic failure
seen in these patients (Table 1). Treatment with the TBRI inhibitor, LY-2157299, resulted in
a significant increase in Erythroid (BFU-E) and Myeloid (CFU-Granulocytic Monocytic)
colony numbers in all patients (Results depicted as means Fig 6), These results point to a
high therapeutic potential of TBRI inhibition by LY-2157299 in low grade MDS.

DISCUSSION

The discovery of effective treatments for MDS has been challenged by the limited insight
into molecular pathogenesis of the ineffective hematopoiesis seen in these disorders. Even
though TGF-B levels have been shown to be elevated in subset of MDS cases, our previous
work has shown that intracellular signaling is activated in large proportion of cases. Thus,
based on our findings, SMAD7 downregulation may be the key mechanism driving the
suppression of hematopoiesis in MDS via overactivation of the TGF-SMAD?2 pathway. This
would also explain increased TGF-p signal transduction even in the absence of large
amounts of circulating TGF-p that has been observed in various studies in MDS patients
(14-17).

SMADY7 is an important regulatory protein that has been implicated in TGF mediated effects
in many disease and cancer models (37). In fact genome wide association studies have
shown SMAD?7 snps to be most significant alterations (38) in colorectal cancer
demonstrating its importance in maintaining cellular homoeostasis. Another recent study
showed that decreased SMADY is also seen in idiopathic pulmonary fibrosis and contributes
to TGF-P mediated fibrosis seen in this disease (39). Our studies demonstrate the role of
SMAD?7 in hematologic malignancies for the first time and implicate its reduction as an
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important molecular alteration in preleukemic bone marrow failure disorders such as MDS.
The bone marrow at earlier stages of MDS is hypercellular and is characterized by
ineffective hematopoiesis affecting both stem and progenitor cells. Since TGF-p is a well
known critical regulator of hematopoiesis and affects both stem and progenitor growth and
maturation (40), increased TGF-p signaling may potentially explain the dysplastic
appearance of progenitors as well as ineffective hematopoiesis of stem cells seen in these
patients

There could be many possible reasons for SMAD?7 reduction in MDS. Nearly 40% of MDS
cases are characterized by deletions affecting chromosomes 5, 7, 18, 20, Y and others. In
fact, the deletion of chromosome 18/18q, where the SMAD?7 gene is located, was noticed to
be the 4th commonest deletion in the largest cohort of MDS patients described recently (41).
Additionally, it has been shown that reduction in levels of genes that are deleted in MDS can
have functional consequences on disease pathobiology as illustrated recently by the deletion
of ribosome gene, RPS14, in subset of MDS with chr5q deletion (42). Thus, SMAD7
reduction could be a result of 18q deletions seen in patients. Recent studies using high
resolution array based technologies have shown that small deletions can also be seen
commonly in MDS and thus can also affect the SMAD7 locus in patients that do not have
large 18q deletions as seen on conventional karyotyping studies (43). In addition to genomic
deletions, gene silencing in MDS also occurs via aberrant promoter methylation. (44,45). In
fact, DNA methyltransferase inhibitors, 5-azacytidine and decitabine, have been approved
for the treatment of this disease. Furthermore, newer data from genome wide methylation
studies suggests that epigenetic silencing may be a dominant pathological alteration in the
disease pathophysiology of MDS (46). Thus, it is quite possible SMAD?7 is also silenced
epigenetically in MDS and this may result in increased TGF beta signaling and resulting
hematopoietic suppression.

Most importantly, our results demonstrate that the activation of TGF-§3 pathway by SMAD7
reduction can be reversed in TBRI inhibition, especially with a clinically relevant inhibitor
that is effective in vitro and in vivo. Ineffective hematopoiesis is the cause of most of
morbidity in patients with low risk MDS. Two thirds of all MDS cases are at the low risk
stage, have a lower chance of progressing to leukemia and mainly suffer problems
associated with low blood counts. Thus strategies aimed at raising blood counts are needed
to treat these patients. Our data provides a rationale for using inhibitors of TGF-p signaling
and especially inhibitors of TBRI in this stage of MDS. The type | TGF-p receptor
selectively participates in TGF- signaling while other activin like and TGF-beta receptors
can also participate in BMP and activin ligand signaling (47,48). Therefore, LY-2157299
selectively inhibits TGF-f signaling, as it has demonstrated specificity for the TGF-f type |
receptor. LY-2157299 is a selective dihydropyrrolopyrazole, small molecule inhibitor that
competitively binds to the ATP binding site of the TBRI kinase domain. (31-34) This
compound is clinically relevant and is presently being tested in Phase I trials in advanced
malignancies. Additionally other small molecule and large molecule TBRI inhibitors are
also in development (33,49) for various other indications. Our findings provide a preclinical
rationale for bringing LY-2157299 and other similar agents into clinical trials for MDS.
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FIGURE 1. SMADY is significantly decreased in MDS

Differences in SMAD7 expression were also evaluated in normalized meta-analysis of MDS
CD34+ (89 cases) and normal CD34+ (61 cases) cell derived gene expression microarray
studies. Box plots show SMAD?7 gene expression was significantly downregulated in MDS
bone marrow CD34+ cells after multiple testing with Benjamin Hochberg correction with p
value < 0.01. The reduction is seen in both low (n=83) and high grade (n=6) cases and also
in cases with (n=29) and without (n=60) 5q deletion. Heat map shows individual values of
all samples.
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Figure 2. SMAD?Y protein is decreased in MDS marrow progenitors

Tissue microarray was prepared from bone marrow (BM) biopsies from patients with MDS
and controls with non-MDS Bone marrow biopsy samples were stained with SMAD7
antibody and show decreased expression in 4 representative cases of MDS when compared
to controls. Low grade MDS samples revealed significantly less SMAD7 staining when
compared to controls (Propotions test,p<0.05)
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Figure 3. Reduction in SMAD?7 can lead to increased sensitivity to suppressive effects of TGF-§
on hematopoiesis

GFP expressing Lentiviral based sShRNA against SMAD7 (A) was used to knockdown
SMAD?7 in hematopoeitic cells. gPCR shows decrease in SMAD7 mRNA expression after
lentiviral ShRNA-TBRI infection in bone marrow stromal (HS-5) cells when compared to
scrambled control (B). Primary CD34+ progenitors were electroporated with GFP
coexpressing anti-SMAD7 shRNA construct and sorted after 48 hours. GFP positive cells
were grown in methylcellulose with cytokines and erythroid colonies were counted after 14
days. SMAD7 shRNA transfected progenitors were significantly inhibited at lower
concentrations of TGF-b when compared to cells transfected with scrambled control
shRNA. Expressed as Means +/- s.e.m of 3 independent experiments. (p<0.05, Two Tailed T
test) (C). Bone marrow stroma derived cells (HS-5) with stable expression of anti-SMAD7
and control shRNAs were generated. These cells were transfected with plasmids expressing
smad binding 3TP-Luciferase and beta-galactisidose (transfection control) and stimulated
with TGF-B1 in the presence and absence of LY-215 (dose .5uM). Tgf-p1 induced control
normalized Luciferase activity was significantly increased after SMAD7 knockdown. This
increase was potently inhibited by LY-2157299.(D).
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Figure 4. LY-2157299 is an effective and functionally active inhibitor of TGF- signaling in
hematopoietic cells

Leukemic cells (K562) and marrow stromal cells (HS-5) were treated with TGF-1 (20ng/
ml) in the presence and absence of LY-2157299 (.5uM) and assessed for SMAD2
phosphorylation by immunoblotting. LY-215 pretreament (1 hr) led to attenuation of
activation/phosphorylation of SMAD2 (A,B). Healthy CD34+ progenitors were plated in
methylcellulose and cytokines in the presence and absence of TGF-b and TBRI inhibitor
LY-2157299 (200nM and 500nM). Colonies were scored at Day 14 and results were
expressed as means + S.E.M of 3 independent experiments. TGF-b exposure led to smaller
(C) and lesser numbers (D) of colonies. These effects were reversed in the presence of
LY215 treatment.
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Figure 5. LY-2157299 can improve anemia in a murine model of TGF-B1 driven bone marrow
failure

Mice transgenic for alb/TGF- were treated with either LY-2157299 (100 mg/kg/d) or
vehicle (Placebo) daily by gastric lavage for 14 days. Blood counts were done on the 14t
day and revealed a significant rise in hematocrit after LY-2157299 treatment. (A) The mice
were sacrificed and bone marrow biopsies were immunostained with antibody against
phosphor-SMAD2. Representative sample shows inhibition of SMAD2 activation after
LY-2157299 treatment. (B)
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FIGURE 6. TBRI inhibition stimulates hematopoiesis in MDS

MDS Bone marrow derived MNCs from 10 patients were plated in methylcellulose and
cytokines in the presence and absence of TBRI inhibitor LY-2157299 (200nM and 500nM).
Colonies were scored at Day 14 and results were expressed as means + S.E.M of 10
independent experiments.
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Regular Article

MYELOID NEOPLASIA

IL8-CXCR2 pathway inhibition as a therapeutic strategy against
MDS and AML stem cells

Carolina Schinke,' Orsolya Giricz," Weijuan Li," Aditi Shastri,' Shanisha Gordon,' Laura Barreryo," Tushar Bhagat,’
Sanchari Bhattacharyya,' Nandini Ramachandra,' Matthias Bartenstein,’ Andrea Pellagatti,® Jacqueline Boultwood,?
Amittha Wickrema,® Yiting Yu," Britta Will,' Sheng Wei,* Ulrich Steidl," and Amit Verma'

"Division of Hemato-Oncology, Albert Einstein College of Medicine, Montefiore Medical Center, Bronx, NY; 2| eukemia and Lymphoma Research Molecular
Haematology Unit, Nuffield Division of Clinical Laboratory Sciences, John Radcliffe Hospital, and National Institute for Health Research Biomedical
Research Centre, Oxford, United Kingdom; 3Department of Medicine, Hematology-Oncology, Cancer Research Center, University of Chicago, Chicago, IL;
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Acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS) are associated with
disease-initiating stem cells that are not eliminated by conventional therapies. Novel ther-
apeutic targets against preleukemic stem cells need to be identified for potentially curative
strategies. We conducted parallel transcriptional analysis of highly fractionated stem and
progenitor populations in MDS, AML, and control samples and found interleukin 8 (IL8) to
be consistently overexpressed in patient samples. The receptor for IL8, CXCR2, was also
significantly increased in MDS CD34™* cells from a large clinical cohort and was predictive
of increased transfusion dependence. High CXCR2 expression was also an adverse prog-
nostic factor in The Cancer Genome Atlas AML cohort, further pointing to the critical
role of the IL8-CXCR2 axis in AML/MDS. Functionally, CXCR2 inhibition by knockdown
and pharmacologic approaches led to a significant reduction in proliferation in several
leukemic cell lines and primary MDS/AML samples via induction of GO/G1 cell cycle arrest.
Importantly, inhibition of CXCR2 selectively inhibited immature hematopoietic stem cells
from MDS/AML samples without an effect on healthy controls. CXCR2 knockdown also
impaired leukemic growth in vivo. Together, these studies demonstrate that the IL8
receptor CXCR2 is an adverse prognostic factor in MDS/AML and is a potential therapeutic target against immature leukemic stem

Key Points

¢ |L8-CXCR2 is overexpressed
in purified stem cells from
AML and MDS, and CXCR2
expression is associated with
WOrse prognosis.

* Inhibition of CXCR2 by
genetic and pharmacologic
means leads to decreased
viability in AML/MDS stem
cells and in vitro and in vivo
models.

cell-enriched cell fractions in MDS and AML. (Blood. 2015;125(20):3144-3152)

Introduction

Acute myeloid leukemia (AML) and myelodysplastic syndromes
(MDSs) are heterogeneous malignancies that are thought to arise
from a small pool of cancer-initiating cells residing within hemato-
poietic stem (HSC) and progenitor (HSPC) compartments.' ™ Despite
the use of poly-chemotherapy and the development of newer agents,
clinical outcome remains poor. The disease course is frequently char-
acterized by relapse or failure to achieve durable remission, indicating
that current treatment regimens do not target the cancer-initiating cells.
Recently, there have been increasing efforts to identify molecular ab-
errations that could serve as pharmacologic targets within AML and
MDS stem cell compartments.'®'® Resulting therapies have shown
promising effects in preclinical studies,'”'® but further work will be
necessary to identify therapeutic targets against preleukemic stem
cells that would lead to long-term remission and prevention of re-
lapse in AML and MDS.'*?° Previously, we identified quantitative
and qualitative alterations in AML and MDS HSCs and progenitors
and showed that genetically aberrant HSCs survive during

morphologic remissions and expand before clinical relapse.? In an
effort to identify aberrant targets in MDS/AML HSPCs, we conducted
transcriptomic profiling of stem cells (long-term HSCs [LT-HSCs],
short-term HSCs [ST-HSCs]) and progenitors (granulocyte-
monocyte progenitors [GMPs]) and compared them to healthy
aged-matched control counterparts. Interleukin 8 (IL8) was one of
the most significantly upregulated genes in both HSCs and GMPs,
suggesting that it might play a crucial role in the carcinogenesis
of AML and MDS. IL8 is a known potent proinflammatory cytokine
that exerts its effects through binding to its G protein-coupled recep-
tors CXCR1 and CXCR2. Extensive work in solid tumors has
shown that IL8 is critical in survival, invasion, and proliferation of
cancer cells?’** and might be an important regulator of cancer
stem cell activity.”>?” Activation of multiple pathways by ILS,
including phosphatidylinositol 3-kinase/protein kinase B (AKT),
phospholipase C/protein kinase C, and mitogen-activated protein
kinase (MAPK) signaling, leads to increased expression of various
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transcription factors such as hypoxia inducible factor 1, nuclear
factor-kB, activator protein-1, signal transducer and activator of
transcription 3, and -catenin, which promote tumor growth and
survival.?' Blocking the IL8-CXCR 1/CXCR2 axis has shown to be
of therapeutic potential in a variety of solid tumors®"~%; however,
there is little known of its role in hematologic malignancies. Our
study reveals that IL8 is significantly overexpressed in AML and
MDS LT-HSCs, ST-HSCs, and GMPs compared with healthy
controls. The IL8 receptor CXCR2 was highly expressed in
a variety of leukemic cell lines, as well as in AML and MDS patient
cohorts, and higher expression levels correlated with worse clinical
outcomes. Functional studies showed that inhibiting and/or down-
regulating CXCR2 leads to decreased viability and clonogenic
capacity of primary AML/MDS patients’ cells, but had no effect on
healthy controls. Interestingly, CXCR?2 inhibition decreased viabil-
ity in the CD34*/CD38 ™ HSC fraction from AML/MDS patients but
had no impact on healthy control HSCs. Our studies suggest that the
IL8-CXCR?2 pathway is frequently dysregulated in AML and MDS
stem cells and can serve as a novel therapeutic target in these diseases.

Methods

Patient samples, cell lines, and reagents

Specimens were obtained from patients diagnosed with MDS and AML after
institutional review board approval by the Albert Einstein College of Medicine
(supplemental Table 1, available on the Blood Web site), in accordance with the
Declaration of Helsinki. The AML cell lines KG1, HL-60, Molm 13, U937, and
THP-1 were grown in RPMI supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin. CXCR?2 inhibitor SB-332235 was obtained from
GlaxoSmithKline, dissolved in dimethylsulfoxide, and stored at —20°C at a
concentration of 100 mM.

Cell viability assay

Cell lines and primary samples were incubated at varying concentrations of the
CXCR?2 inhibitor SB-332235. Viability was assessed by addition of Cell Titer
Blue (Promega) and measured via Fluostar Omega Microplate reader (BMG
Labtech).

Cell lysis and immunoblotting

Cells were lysed in phosphorylation lysis buffer as previously described.?!
Immunoblotting was performed as previously described.?'

Multiparameter high-speed fluorescence-activated cell sorter of
stem and progenitor cells

Processing and sorting of hematopoietic stem and progenitor cells was performed
as previously described.'® Briefly, mononuclear cells were isolated from bone
marrow aspirates and peripheral blood samples by density gradient centrifugation
and then subjected to immunomagnetic enrichment of CD34 ™ cells (Miltenyi-
Biotec). CD34 ™" cells were stained with PE-Cy5 (Tricolor)-conjugated mono-
clonal antibodies against lineage antigens (CD2 [RPA-2.10], CD3 [UCHT1],
CD4 [S3.5], CD7 [6B7], CD8 [3B5], CD10 [CB-CALLA], CD11b [VIM12],
CD14 [TueK4], CD19 [HIB19], CD20 [2H7], CD56 [MEM-188], Glycophorin
A [CLB-ery-1(AME-1)]), as well as fluorochrome-conjugated antibodies against
CD34 [581/CD34 (class III epitope)], CD38 (HIT2), CD90 (5E10), CD45RA
(MEM-56), and CD123 (6H6). Cells were sorted with a 5-laser FACSAria 11
Special Order System flow cytometer (Becton Dickinson). Based on established
surface marker characterization, we distinguished and sorted LT-HSCs (Lin
CD34", CD38~, CD90"), ST-HSCs (Lin~, CD34", CD38", CD90"), and
GMPs (Lin~, CD34", CD38", CD123", CD45RA™).* Flow cytometry data
were analyzed with BD FACSDiva (Becton Dickinson) and FlowJo (TreeStar)
software. After sorting, RNA was extracted with the RNeasy Micro kit (Qiagen).

INHIBITION OF IL8-CXCR2 IN MDS AND AML 3145

RNA amplification and real-time polymerase chain reaction

RNA was extracted with the RNeasy Micro kit (Qiagen), and quantity and quality
were assessed with a Nanodrop 3000 instrument (Thermo Scientific). RNA
extracted from sorted primary LT-HSCs, ST-HSCs, and GMP cells was am-
plified with the Ovation One Direct System (Nugen) and converted to single-
strand cDNA. RNA extracted from cell lines and primary CD34 " cells was
reverse-transcribed with Superscript III reverse transcriptase (Invitrogen).
IL8 expression was measured by quantitative reverse transcriptase-polymerase
chain reaction (QRT-PCR) with SYBR green on a CFX 96 Real Time System
(BioRad).

Lentiviral short hairpin RNA vectors and transduction

For knockdown studies, 2 short hairpin RNAs (shRNAs) against CXCR2 were
used (GIPZ system, catalog nos. RHS4430-99883569 and RHS4430-99891604;
Open Biosystems). For production of lentiviral particles, lentiviral shRNA
expression constructs were transfected together with packaging vectors into
293T producer cells using Lipofectamine LTX transfection reagent (Invitrogen),
and supernatants were harvested after 48 and 72 hours and concentrated by
ultracentrifugation. AML cell lines were transduced with the shRNA-containing
lentiviruses (multiplicity of infection = 6-10). After culture in fresh medium,
green fluorescent protein (GFP)-positive and 4,6 diamidino-2-phenylindole
(DAPI)-negative cells were sorted 48 to 72 hours after infection using
a FACSAria II sorter (BD Biosciences) and used for experiments. CXCR2
knockdown efficiency was measured by real-time PCR and flow cytometry.

Clonogenic assays

For clonogenic assays, primary patient samples and healthy controls were plated
in methylcellulose (Stem Cell Technologies H4435) in 35-mm dishes and in-
cubated with the CXCR?2 inhibitor at 10 wM. Colonies were counted after 14 to
17 days in culture. Clonogenic assays with shRNA-mediated CXCR2 knock-
down were performed 48 to 72 hours after lentiviral transduction of the respective
cell line (U937, THP-1, and MOLM 13). DAPI-negative and GFP-positive cells
were sorted and plated in methylcellulose (StemCell Technologies H4435) in
35-mm dishes. Colonies were counted after 7 to 10 days in culture.

Cell cycle analysis

Cell cycle analysis was performed as previously described.*® In brief, 1 X 10°
AML cells were incubated at varying doses of the CXCR2 inhibitor. After
24 hours, the cells were rinsed with ice-cold phosphate-buffered saline (PBS)
and incubated for 45 minutes at 37°C in the dark with 0.5 mL Hoechst buffer
(20 pg/mL Hoechst 33342 in Hanks balanced salt solution containing 10% fetal
bovine serum, 20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid,
pH 7.2, 1 g/L glucose, and 50 pg/mL verapamil; Sigma-Aldrich). Pyronin Y
(Sigma-Aldrich) was added at 1 pg/mL, and cells were incubated for 15 minutes
at 37°C in the dark, washed with PBS, and analyzed by flow cytometry using
a FACSAria II Special Order System (BD Biosciences).

Evaluation of viability in primary CD34"CD38~ HSCs

Primary AML, MDS, and healthy control samples were incubated with 1
and 10 uM of the CXCR2 inhibitor SB-332235 in Iscove’s modified Dulbecco’s
medium with 10% fetal bovine serum at 37°C. After 24 hours, cells were rinsed
with PBS and stained with antibodies against CD34 (8G12) and CD38 (HIT2).
After washing with PBS, cells were mixed with prediluted fluorescein
isothiocyanate-conjugated annexin V (Invitrogen), incubated at room temperature
for 15 minutes, and resuspended in 0.5 mL of annexin binding buffer (Invitrogen).
Just before flow cytometric analysis, DAPI (Acros Organics) was added to the
cells at a final concentration of 1 pwg/mL. Viability, apoptosis, and necrosis of
CD347/CD38~ and CD34/CD38™ cells were analyzed by flow cytometry
using a FACSAria II Special Order System (BD Biosciences) as performed
previously.>*3¢

Patient database and survival data

Gene expression data from 183 MDS CD34 " samples and 17 controls were ob-
tained from Gene Expression Omnibus (GEO) (GSE19429).” Data on 200
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Figure 1. IL8 is overexpressed in stem and progenitor cells in MDS and AML. (A) Gene expression data from sorted AML/MDS bone marrow samples were compared

with healthy controls and (B-D) revealed significantly increased IL8 expression in LT-HSCs (Lin-ve, CD34", CD38~, CD90", N =

12 AML/MDS, HC = 4), ST-HSCs (Lin-ve,

CD34%, CD38~, CD90 "), and GMP (Lin-ve, CD34", CD38", CD123", CD45RA™) (P < .001, FDR < 5%). Cytogenetic abnormalities are depicted as follows: NK, normal
karyotype; CK, complex karyotype; —7 = deletion of chr7. Representative flow plots show sorting strategy for (E) healthy control and (F) AML sample. (G) gRT-PCR on sorted

cells reveals increased expression of IL8 in all AML/MDS HSCs (LT/ST) and GMP.

AML samples were obtained from The Cancer Genome Atlas (TCGA).*® Gene
expression data on sorted LT-HSCs, ST-HSCs, and GMPs from AML/MDS
patients and healthy controls are deposited in the GEO database (accession nos.
GSE35008 and GSE35010). Gene Set Enrichment Analysis was performed by
comparing the CXCR2 high signature to 2 published preleukemic HSC sig-
natures (GSE35008'® and GSE30377%).

Leukemia xenografts

NOD/SCID IL2Ry knockout mice were injected with 10> U937 cells that had
been transduced with nonsilencing shRNA and CXCR2 knockdown shRNAs.
Overall survival was measured and analyzed by Kaplan-Meier plotting and the
log-rank test.

Results
IL8 is overexpressed in MDS and AML HSCs and progenitors

Leukemia- and MDS-initiating cells including preleukemic stem cells
reside in the lineage-negative phenotypic stem and progenitor compart-
ments and need to be targeted for curative strategies. To determine
aberrantly expressed genes in MDS and AML stem and progenitor
cells, we previously conducted a parallel transcriptional study compar-
ing LT-HSCs, ST-HSCs, and GMPs from AML samples with deletion
of chromosome 7 (—7) to healthy control counterpalts10 (Figure 1A).
A small set of 7 genes was found to be consistently overexpressed in
all compartments (LT-HSCs, ST-HSCs, and GMPs) and included IL8.
We expanded our initial study to include sorted samples from normal

karyotype and complex karyotype AML/MDS samples (Figure 1A).
Our sorting strategy uses rigorous lineage depletion to avoid analysis
of the leukemic bulk (blast) population and to focus on the earliest
known stem cell and committed myeloid progenitor populations in hu-
mans. Sorting of 12 AML/MDS samples and 4 controls followed by
gene expression analysis revealed that the IL8 gene was significantly
overexpressed by several log-fold in all samples in both HSCs and
GMP populations, across normal karyotype, complex karyotype,
and —7 cases (Figure 1B). These results were validated in an inde-
pendent cohort of samples by qRT-PCR. Two AML, 2 MDS, and 2
control samples were sorted (Figure 1E-F shows representative sam-
ples), analyzed, and confirmed significant upregulation of IL8 in the
MDS/AML samples (Figure 1G).

CXCR2 is expressed in primary AML and MDS samples and is
associated with worse clinical outcomes

IL8 and other CXCL ligands bind to the CXCR1 and CXCR2 receptors
to trigger many different biological processes. We evaluated the ex-
pression of these ligands and receptors in a large cohort of AML sam-
ples analyzed by RNA-seq (TCGA, n = 200).*® We observed that
among the CXCRI1 and 2 ligands, IL8 was most significantly ex-
pressed in AML (mean reads per kilobase per million = 36 [IL8] vs
12 [CXCL2],3 [CXCL3],2 [CXCL1],and 0.2 [CXCL5]; P <.001),
and CXCR2 expression was significantly higher than CXCR1
expression (mean reads per kilobase per million = 4 [CXCR2] vs 2
[CXCRI1]; P < .001) in leukemic cells (Figure 2A-B). We evaluated
CXCR?2 overexpression for prognostic impact in this cohort and
observed that samples with higher expression of the receptor had
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Figure 2. CXCR2 is expressed in primary AML and MDS samples and is associated with worse clinical outcomes. Expression of (A) chemokine ligands and (B)
receptors was evaluated in the TCGA RNA-seq dataset from 200 AML samples (data shown as boxplots). (C) Median overall survival of AML patients with high CXCR2 was
significantly worse than in patients with lower expression (log rank, P = .003). (D) Gene expression data of CD34* cells from 183 MDS patients and 17 healthy controls shows
significantly higher expression of CXCR2 in MDS CD34" cells (t test, P < .001, FDR < 5%). MDS patients with (E) high CXCR2 expression (>median) have lower
hemoglobin levels (t test, P < .001) and (F) higher RBC transfusion dependence (test of proportions, P < .05).

a significantly worse prognosis compared with CXCR2 lower-
expressing patients (median overall survival of 245 days in high
CXCR2 cases vs 854 in low CXCR2 cases; log rank, P = .003;
Figure 2C). Next, we evaluated the expression of CXCR2 in MDS
HSPCs in another large cohort of 183 samples.’” CXCR2 expression
was found to be higher in MDS samples compared with healthy
controls (P = .001, false discovery rate [FDR] << 10%; Figure 2D). Cases
with high CXCR2 were found to present with worse disease phe-
notype manifesting with lower hemoglobin levels and a higher per-
centage of transfusion dependence (53% for CXCR high vs 35% for
CXCR2 low; P < .001; Figure 2E-F). Correlation with mutations
obtained from targeted sequencing of a subset of MDS cases®® re-
vealed significant enrichment of TET2 mutations in CXCR2 low
expressers, with no other significant correlations with other muta-
tions (supplemental Table 2). Taken together, these data demonstrate
that high CXCR2 expression in HSPCs is an adverse prognostic
factor in both AML and MDS.

Gene expression signature of MDS HSPCs with high CXCR2 is
similar to known preleukemic stem cell profiles and includes
many important functional pathways

To determine the genetic pathways that were differentially expressed in
MDS HSPCs with high expression of CXCR2, we identified differ-
entially expressed transcripts between the CXCR2 high and low patient
subsets (using median CXCR2 expression as cutoff in a cohort of 183
MDS CD34* samples; FDR < 0.1; Figure 3A). Ingenuity pathway
analysis revealed significant dysregulation of pathways involved in
chemokine signaling, cytokine-cytokine receptor interaction, innate

immunity signaling, hematopoietic cell lineage regulation, and others
in CXCR?2 high patients and also included many genes that play im-
portant roles in molecular leukemogenesis (Figure 3B; supplemental
Table 3). Next, we tested whether the high CXCR2 expression
signature had any overlap with known preleukemic stem cell gene ex-
pression profiles. Gene set enrichment analysis with 2 recently published
preleukemic stem cell signatures (GSE35008'° and GSE30377%), in-
cluding 1 from our own group, revealed highly significant enrichment,
demonstrating that HSPCs from CXCR2 high MDS patients have a
similar transcriptomic profile than known preleukemic and leukemia-
initiating cell populations (Figure 3C).

Inhibition of CXCR2 leads to decreased proliferation and cell
cycle arrest in leukemic cells

To determine the functional role of the IL8-CXCR2 pathway in leukemia
biology, we first evaluated the expression of the receptor in AML cell
lines. We determined that AML cell lines significantly overexpressed
CXCR2, ranging from 3-fold (KG1) to 300-fold overexpression
(THP1) compared with healthy CD34 " cells (Figure 4A).To deter-
mine the functional role of CXCR2 in these cells, we used a specific
inhibitor of CXCR2, SB332235, that is a clinically available com-
pound that has 100-fold selectivity for CXCR2 over CXCR1.*
CXCR2 inhibition led to a dose-dependent decrease in proliferation
in all cell lines (Figure 4B). CXCR2 inhibition also led to a significant
inhibition of proliferation in primary samples from AML and high-
risk MDS cases (Figure 4C). Next, we designed shRNAs against
CXCR2 (Figure 4D; supplemental Figure 1) and found that de-
creased expression of this receptor also led to significantly reduced


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on May 21, 2015. For personal use only.

3148  SCHINKE et al

A B

Gene Expression

07

& oe

1]

oot

)

CXCR2 Low CXCR2 High

Chemokine signaling pathway
Cytokine-cytokine receptor interaction
Complement and coagulation cascades

Cell adhesion molecules (CAMs) 1
Systemic lupus erythematosus
Hematopoietic cell lineage

Pathogenic Escherichia coli infection 1
Leukocyte transendothelial migration 1
Toll-like receptor signaling pathway 1
Vascular smooth muscle contraction |
Leishmania infection |

Regulation of actin cytoskeleton 1
ECM-receptor interaction 1

PPAR signaling pathway :

Pre leukemic HSC signature
(Shlush et al, Nature 2014)

N 00

BLOOD, 14 MAY 2015 - VOLUME 125, NUMBER 20

-log (P Value)
0 5 10 15 20

Lysosome

Focal adhesion

Glioma

Pathways in CanCer | —

Pre leukemic HSC signature
(Barreryo et al, Blood 2013)

FDR Q<0.001 g o
. NES=1.48 .

FDR Q=0.02
NES=1.35
f >

s
oty canelaes
5
o

2 crss w ey A 2o crona 4 110

o

SREREIEEE

E o
ax
a

o
o

8
ke
§
i

2500 5000 700
Rankin Crdered Dataset

Figure 3. Important functional pathways are dysregulated in MDS cases with high expression of cxcr2. (A) Gene expression profiles from samples with low and high
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CXCR2 MDS cases is similar to previously published preleukemic stem cell signatures. (C) Gene Set Enrichment Analysis plots show significant enrichment of 2 recent

preleukemic gene expression signatures.

leukemic colony formation capacity of AML cell lines (P < .001;
Figure 4E). The reduction in colony numbers was also accompanied
by decreased size of individual leukemic colonies (Figure 4F).

To determine the mechanism of growth arrest, we performed cell
cycle analysis and observed a significant arrest of AML cells in the GO
stage (P < .05) after CXCR?2 inhibition (Figure SA-B). This was seen
consistently in both cell lines examined (¢ test, P < .05; Figure 5B-C).
At the molecular level, immunoblotting demonstrated that IL8 stim-
ulation led to activation of proliferative extracellular signal-regulated
kinase (ERK) MAPK and AKT pathways in leukemia cells, whereas
no stimulation of the apoptotic p38 MAPK pathway was observed
(Figure 5D-F). Pharmacologic inhibition of CXCR2 led to abrogation
of IL8-stimulated signaling in these cells.

CXCR2 inhibition leads to selective targeting of AML/MDS HSCs

Next, we determined the functional role of the IL8-CXCR2 pathway in
primary HSCs from patients, and treated 5 AML, 1 MDS, and 3 healthy
control bone marrow samples with the CXCR?2 inhibitor. Fluorescence-
activated cell sorter analysis revealed that CXCR?2 inhibition led to
significantly decreased viability of CD34"/CD38~ HSCs from AML/
MDS patients (Figure 6A-B). In contrast, no significant decrease in
cell viability was seen in healthy control HSCs (Figure 6C-D). No
significant decrease in viability of the CD34"/CD38" population
in AML/MDS samples was observed (supplemental Figure 2), dem-
onstrating that CXCR?2 inhibition preferentially targets leukemic
HSCs.

CXCR2 inhibition leads to inhibition in primary AML/MDS
samples and increased survival in vivo

Next, we determined the efficacy of CXCR?2 inhibition in inhibiting
leukemic colony formation from primary MDS and AML samples.
CXCR?2 inhibitor treatment led to a significant decrease in leuke-
mic colony size and numbers (Figure 7A-B). This effect was seen
in both the AML and high-risk MDS cases, whereas no decrease
in erythroid/myeloid colonies was seen in healthy CD34 " cells
(Figure 7A). Finally, we examined the efficacy of CXCR2 knock-
down in vivo using xenografts with U937 cells. U937 cells were
infected with lentiviruses containing shRNA directed against CXCR2
or scrambled control shRNAs and a fluorescent reporter gene (GFP);
cells were sorted for GFP and xenografted into NSG mice. CXCR2
knockdown led to significant improvement in overall survival
(Figure 7C; P = .02, log rank), demonstrating CXCR?2 as a therapeutic
target in vivo.

Discussion

AML and MDS are diseases that are characterized by a high rate of re-
lapse when treated with chemotherapy or non-chemotherapeutic ap-
proaches such as azacytidine and lenalidomide. Leukemia-initiating
stem cells including preleukemic stem cells have been shown to
persist even during morphologic remissions after these treatments
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and have to be targeted for future curative approaches.'>39-20:41

It has been shown that leukemia-initiating cells can reside in
different phenotypic stem and progenitor compartments at rela-
tively low frequencies and are associated with transcription factor
alterations that result in pathogenic transcriptional changes, >+ 1-13-3242-44
Thus, to uncover newer stem cell-directed targets, we conducted
a transcriptomic analysis on rigorously defined stem and progenitor
populations in AML and MDS in comparison with their respective
healthy counterparts. With this approach, we were able to identify IL8 as
one of the few genes most significantly overexpressed across different
stem and progenitor subsets in AML and MDS patients, indicating it
might play a crucial role in the pathogenesis of AML and MDS. We were
also able to show that the IL8 receptor CXCR2 is overexpressed in AML
and MDS patient samples and in several myeloid leukemia cell lines.
We also found that high CXCR?2 expression correlates with worse
clinical outcome. These data implicate the IL8-CXCR2 pathway
as a novel therapeutic target in in AML and MDS.

The IL8-CXCR2 pathway has been shown to be important in the
pathogenesis of solid tumors, and preclinical studies have demonstrated
arole for this pathway in the breast cancer microenvironment, 227233045
Various small molecule CXCR?2 inhibitors are being developed
clinically, and one is being tested in a clinical trial in breast cancer.
Our results demonstrate that this pathway is also functionally im-
portant for the viability of leukemic stem cell compartments in AML
and MDS. Although healthy HSPCs also show a basal production
of IL8, significant overexpression of IL8 within the malignant stem
and progenitor compartment was detected in every case examined,
with notably up to 100-fold upregulation seen in some cases com-
pared with healthy controls. We also demonstrated that inhibition of

the IL8 receptor, CXCR2, leads to a significant decrease in viability
and colony formation in multiple leukemic cell lines, as well as patient
samples. Most importantly, viability of the CD34*/CD38™ stem cell-
enriched fraction was significantly decreased in AML/MDS patient
cells after CXCR?2 inhibition, whereas the inhibitor had no impact on
healthy control stem cells, indicating that inhibition of the IL§-CXCR?2
axis might selectively target the malignant stem cell clones. The role of
IL8 in healthy HSCs is not well understood. Although murine models
with IL8 receptor-deficient mice show relatively normal hemato-
poiesis arguing against a crucial role for IL8 in the regulation of
healthy HSCs,* some reports suggest that IL8 might play a positive
and protective role in mobilization of healthy HSCs and promotion
of monocyte/macrophage growth and differentiation.*”*® Further
studies report increased IL8 to exert an inhibitory effect on
healthy hematopoiesis and myeloid proliferation,**>* which could
potentially explain the inhibition of growth and differentiation of
healthy HSCs in an IL8-rich environment in AML and MDS. The
IL8-CXCR2 signaling pathway has been shown to stimulate
proliferative pathways such as the phosphatidylinositol 3-kinase/
AKT, phospholipase C/protein kinase C, and ERK/MAPK path-
ways in various models. It has also been shown to activate
oncogenic pathways such as hypoxia inducible factor 1, nuclear
factor-kB, signal transducer and activator of transcription 3, and
B-catenin, which help to promote tumor growth and survival.>! We
and others have shown that these transcription factors are important
for survival of cancer stem cells.>>*3¢

IL8 is also an important regulator of innate immunity. Recent
data have shown that innate immune signaling mediators such as IL
receptor 1 receptor accessory protein (IL1RAP), Toll-like receptors,
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Figure 5. CXCR2 inhibition leads to cell cycle arrest in AML cells and inhibits IL8-stimulated signaling cascades. (A) Representative flow plots of THP-1 cells treated
with the CXCR2 inhibitor demonstrate a significantly increased percentage of cells in GO stage. (B-C) Data from 3 independent experiments demonstrate significantly
increased GO cell cycle arrest in THP-1 and U937 cell lines after CXCR2 inhibition (ttest, P < .05). (D-F) THP-1 cells were stimulated with IL8 in the presence and absence of
CXCR2 inhibitor (10 pwm) and immunoblotted for phospho/activated ERK MAP kinase, p38 MAPK, and AKT with appropriate loading controls.

and myeloid-derived suppressor cells are activated in MDS.'®33¢  findings further support the role of activated innate immune sig-
The signaling protein, IL-1 receptor-associated kinase (IRAK4), naling pathways in MDS/AML and suggest that interaction of ILS8-
has also been shown to be a therapeutic target in MDS.>” Our CXCR2 with these other pathways needs to be studied in future
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Figure 6. CXCR2 inhibition reduces viability in leukemic CD34*/CD38~ HSCs. Four AML and 1 MDS samples were treated with CXCR2 inhibitor, and viability was

assessed in the CD347/CD38~ HSC compartment. Viability in AML/MDS HSCs was significantly decreased after CXCR2 inhibition (t test, P < .05) with no change in the
healthy controls (N = 3).
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Figure 7. CXCR2 inhibition leads to inhibition in primary AML/MDS samples and increased survival in vivo. (A) Four primary MDS/AML samples were grown in the
presence and absence of the CXCR2 inhibitor and demonstrated inhibition of leukemic colony growth after treatment. (B) The size of leukemic colonies was also reduced.
NSG mice were xenografted with U937 cells containing control or CXCR2 shRNAs. (C) Mice with CXCR2 shRNA xenografts demonstrated significantly improved overall

survival (log rank, P = .02).

studies. Taken together, our results provide a rationale for further
evaluating the targeting of the IL§-CXCR2 axis and its specificity for
aberrant AML/MDS stem and progenitor cells in vitro, as well as in
preclinical in vivo studies.
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